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Apical periodontitis (AP) is an inflammatory response aimed at restricting the spread 
of microbes and microbial products that have invaded the dental pulp. AP can be 
considered a “second barrier” created by the host against invading microbes when 
the tooth, mucosal and skin barrier that protects the body from its external 
environment is breached. This second barrier is not always effective; the host may 
experience pain and suffering associated with the inflammation and risk further 
invasion by pathogenic microbes if the primary barrier is not restored. When this 
happens, endodontic treatment is performed with the goal of healing and function, as 
well as protection of the host. The assessment of treatment outcome has important 
implications for patient care, and a responsible assessment strategy includes the 
recommendation of further intervention if the initial treatment has not achieved the 
intended healing outcome over a period of time. However, difficulty arises when AP 
is persistent radiographically, but at the same time the tooth is asymptomatic. The 
need for further intervention for these “functional” teeth has been debated, but in the 
absence of reliable evidence the decision to intervene has been empirical and varies 
widely among practitioners. Therefore the aims of this thesis are to: 
1. Study the risk of symptomatic exacerbations of persistent AP as well as the 
impact of exacerbations on the patient’s quality of life. 
2. Report the distribution of persistent AP that have improved, remained 




3. Identify clinical predictors available to the clinician at the time of review that 
could be used to estimate the risk that a particular persistent lesion is likely to 
deteriorate. 
4. Use the predictors to build a risk assessment model for lesion deterioration.   
Through a cross-sectional study design, persistent AP present for at least 4 years 
following treatment was identified among patients who had received endodontic 
treatment at a university-based dental centre from 2003 through to 2008. The study 
employed a structured questionnaire survey, clinical and radiographic examinations 
of recruited patients and information from their dental records.  Information on patient 
demographics, post-treatment pain and flare-up and the impact of pain on quality of 
life, as well as potential clinical risk factors for lesion progression was collected and 
analyzed. The findings of this thesis are:   
1. Risk of pain was low, with minimal impact on quality of life. Only 10 cases of 
flare-up pain requiring emergency intervention were reported among 185 persistent 
lesions in 127 patients. Predictors of pain in persistent AP were: “female patients” 
(OR=2.6, 95% CI: 1.2-6.0, p<0.05), “treatment of a mandibular molar or maxillary 
premolar tooth” (OR=3.7, 95% CI: 1.6-8.6, p<0.05) and “pre-treatment pain” 
(OR=2.9, 95% CI: 1.3-6.7, p<0.05). 
2. Information from 228 persistent lesions in 182 patients with pre-treatment AP 
showed that a majority continued to heal (55.7%), while a smaller proportion 
deteriorated (30.3%) and the remaining lesions were unchanged (14.0%). 
3. Clinical predictors of deterioration in persistent AP were: “time since 
treatment” (RR 1.11, 95% CI: 1.01-1.22, p=0.030, rounded beta value=1, for every 
year increase after 4 years), “tooth is painful now” (RR 3.79, 95% CI: 1.48-9.70, 
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p=0.005, rounded beta value=13), “sinus tract present” (RR 4.13, 95% CI: 1.11-
15.29, p=0.034, rounded beta value=14) and “lesion size ≥2mm” (RR 7.20, 95% CI: 
3.70-14.02, p<0.001, rounded beta value 20). 
4. The Deterioration Risk Score (DRS), a risk assessment model for lesion 
deterioration was built to help clinicians identify persistent AP at low risk for 
deterioration and which therefore might not require intervention. 
In conclusion, this thesis has addressed knowledge gaps in the nature of persistent 
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CHAPTER 1 INTRODUCTION  
1.1 Introduction 
Apical periodontitis is an inflammatory response aimed at restricting the 
spread of microbes and microbial products that have invaded the dental pulp 
(Kakehashi, 1965; Bergenholtz, 1974; Möller et al., 1981; Dahlén et al., 1984). 
Apical periodontitis could be considered a “second barrier” created by the host 
against invading microbes when the mucosal and skin barrier that protects the 
body from its external environment (of which the tooth is a part) is breached 
(Marton, 2007; Ørstavik and Pitt Ford, 2008). This second barrier is not 
always effective; the host may experience pain and suffering associated with 
the inflammation and risk further invasion by pathogenic microbes if the 
primary barrier is not restored. 
Apical periodontitis will cease if the primary tooth-mucosal barrier is restored. 
Although removal of the defective tooth would facilitate a re-establishment of 
the primary mucosal barrier, endodontic therapy (root canal treatment) is a 
predictable and more desirable alternative (Strindberg, 1956; Ørstavik, 1996; 
European Society of Endodontology, 2006; AAE glossary of endodontic 
terms, 2012). Endodontic therapy aims to remove the microbial source of 
infection and seal the tooth from its external environment. The treatment has 
saved many teeth for improved oral function that in turn improves overall 
health and quality of life (Petersen et al., 2005; Suzuki et al., 2005). 
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In the late 1800s, fear and lack of good scientific evidence caused an early 
setback to the dental profession: it was believed that local dental infection 
caused a myriad of diseases in remote sites of the body (commonly referred 
to as the “focal infection theory” [Miller, 1891 and 1894; Hunter, 1900]). The 
focal infection theory resulted in many teeth being removed needlessly, which 
had a negative impact on nutrition and overall health. On hindsight, the 
adverse climate forced the dental profession to seek systematic and reliable 
evidence for promoting root canal treatment as a safe and optimal treatment 
for infected dental pulps and apical periodontitis. Current best evidence shows 
that endodontic therapy is expected to reverse apical periodontitis completely 
in 74-86% of cases; a much higher percentage of root-filled teeth (85-95%) 
remain in asymptomatic function for long periods (Friedman, 2008; Ng et al., 
2011). 
Treatment quality is a predictor of healing in apical periodontitis; the effective 
disruption of bacterial biofilms and reduction of microbial load are critical 
procedural goals (Byström et al., 1987; Sjögren et al., 1997; Shuping et al., 
2000; McGurkin-Smith et al., 2005). Even though root canal microbial 
sampling and cultures can describe the endodontic microbial flora and 
determine viable microbial load to a certain extent (Byström and Sundqvist, 
1981, 1983, 1985), these procedures are insufficient as tools for predicting 
treatment outcome.  Difficulties in the isolation and cultivation of viable and 
pathogenic microbes, uncertain microbial pathogenicity, and incomplete 
knowledge of polymicrobial and microbial-host interactions are challenges to 
the reliable prediction of treatment outcome based on sampling and culture 
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alone (Sathorn et al., 2007; Siqueira & Rôças, 2008 and 2009; Ozok et al., 
2012). 
To evaluate the response of apical periodontitis to endodontic therapy, the 
profession must turn to epidemiologic studies. In epidemiologic studies, 
radiographic examination is often used to study the size and changes in size 
of periapical lesions, so as to determine disease severity before treatment as 
well as lesion progression after treatment (Huumonen and Ørstavik, 2013). 
Radiography is also useful for evaluating treatment quality in terms of the 
extension and density of the radiopaque root-filling material within root canals 
(Sjögren et al., 1990). An early histological and radiologic work on root-filled 
teeth in cadavers suggests that a radiographic lesion is correlated with 
inflammation (Brynolf, 1967) and a well-known cohort study by a single 
practitioner suggests that radiographic lesions resolve over time when 
conditions for healing are favorable (Strindberg, 1956). Based on these 
landmark studies, the radiographic evaluation of endodontically treated teeth 
is accepted as the standard of care for treatment outcome assessment.  
Studying the presence, absence, size and changes in size, of radiographic 
lesions associated with root-filled teeth is as important as the presence or 
absence of clinical signs and symptoms in determining treatment outcome 
(AAE Communiqué, 2005; European Society of Endodontology, 2006).  
However, there are challenges and limitations of using a radiographic tool to 
determine if the lesion observed is incapable of further healing, as there is 
evidence that lesions are capable of progression towards healing over 
extended periods of time (Molven et al., 2002; Fristad et al., 2004).  
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The assessment of treatment outcome has implications for patient care.  A 
responsible assessment strategy includes the recommendation of further 
intervention if the initial treatment has not achieved the intended healing 
outcome over a period of time (European Society of Endodontology, 2006, 
Wu et al., 2011). The difficulty arises when apical periodontitis is persistent 
radiographically, but at the same time the tooth may be asymptomatic and 
there is no clinical evidence to suggest that healing is impossible or unlikely to 
continue.   The need for (and the nature of) further intervention for these 
“functional” teeth has been debated, but in the absence of reliable evidence 
the decision to intervene has been empirical and varies widely among 
practitioners (Reit and Gröndahl, 1984; Rawski et al., 2003; Peikoff, 2005). 
To address the issue of evidence-based decision-making for intervention of 
asymptomatic persistent apical periodontitis, this thesis proposes to address 
the following questions: 
1. What is the risk of painful exacerbation of persistent apical periodontitis and 
does it pose a threat to quality of life? 
2. What proportion of apical periodontitis that persists beyond the expected 
time for healing represents progressive disease? 
3. Using clinical parameters, is it possible to identify risk factors and to 
estimate the risk of persistent apical periodontitis getting worse?  Could such 
information be used to identify which cases would therefore benefit from 
further intervention? 
1.2 Outline of Thesis 
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In Chapter 2, this thesis reviews the literature to address a series of 
questions: 
Questions regarding primary apical periodontitis: 
1.     What causes apical periodontitis? 
2.     What are the features of apical periodontitis? 
3.     What happens if apical periodontitis is not controlled? 
4.     What is expected of treatment? 
Questions regarding persistent apical periodontitis: 
1.    What is persistent apical periodontitis and does it always need to be 
treated? 
2.    What is the evidence on progression of persistent apical periodontitis?  
3.    Does persistent apical periodontitis pose a threat to health? 
4.    When further intervention in persistent apical periodontitis is considered, 
what are the expected benefits, risks and costs? 
The statement of the problem and aims of this research project are described 
in Chapter 3. 
Chapters 4, 5 and 6 describe the clinical research work done during the Ph.D. 
candidature to fulfill the aims of this project. Each chapter consists of a stand-
alone paper published in peer-reviewed journals, without any modification. 
Chapter 4 describes the prevalence of acute exacerbations among persistent 
lesions and the impact these exacerbations had on patients’ well-being. 
Chapter 5 describes the proportion of persistent lesions that represented (still 
incomplete) healing and non-healing. In the original publication, the effect of 
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clustering was not considered during the statistical analysis. This shortcoming 
was rectified in the subsequent publication that is presented in Chapter 6, 
when the full sample of 228 lesions in 182 patients is used to model predictors 
for persistent lesions at risk for deterioration, taking into account the effect of 
clustering. Chapter 6 also describes a risk score algorithm for the purpose of 
helping the clinician and the patient decide whether to choose further 
intervention of a persistent endodontic lesion or to leave it alone. 
Chapter 7 discusses the merits and limitations of this project, more recent 
works that have become available and concludes with looking ahead to future 
work in this field. 
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CHAPTER 2 REVIEW OF THE LITERATURE 
Apical periodontitis (AP) is associated with untreated dental pulp infection, 
while persistent AP1 refers to AP associated with previously root-filled teeth 
over a prolonged period. While persistent AP is the focus of this research 
project, the scope of this Review includes both AP and persistent AP. The 
natural history and treatment-related issues of AP will first be dealt with in 
order to provide the basis for discussion of persistent AP.  
2.1 What Causes AP? 
AP is inflammation of the periodontium at a tooth apex that is of pulpal origin 
and appears as a radiolucent area (AAE Glossary of Endodontic Terms, 
2012).  AP occurs following infection of the root canal space, and could be 
considered a “second barrier” created by the host against invading microbes 
when the mucosal and skin barrier that protects the body from its external 
environment (of which the tooth is a part) is breached (Marton, 2007; Ørstavik 
and Pitt Ford, 2008). 
Antony van Leeuwenhoek of Holland (1632-1723) discovered microorganisms 
by using microscopes that he built. As a keen scholar and communicator, he 
made systematic reports of his observations of oral microbes to the Royal 
Society in England (Fred, 1933). Later, microbes were shown to cause 
“gangrene of the pulp” and inflammation and infection in the jaw (Miller, 1891 
and 1894); this observation subsequently misled many physicians to conclude 
                                                        
1 The terms “persistent AP” and “persistent endodontic lesions” are used 
synonymously in this thesis. 
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erroneously that the oral cavity was the source of a myriad of ailments in 
remote parts of the human body (Miller, 1891; Hunter, 1900). It resulted in an 
unfortunate setback in the development of dentistry in the late 1800s. Even 
though the American Dental Association was founded in 1859 and progress 
was made in various aspects of restorative dentistry, endodontic therapy for 
the preservation of teeth that suffered pulpal microbial insults was not to be 
taught in dental schools for another hundred years (Ingle, 1965). Many teeth 
were needlessly lost from fear and incomplete knowledge.  
In the modern endodontic era, the need to defend endodontic therapy as a 
desired treatment option fuelled research interest in oral microbes and AP. 
Kakehashi and his co-workers (1965) used germ-free and conventional rats to 
show that AP did not develop in germ-free rats despite having their dental 
pulps exposed to the oral environment like their conventional counterparts. 
The group was primarily interested in preserving pulp vitality in the event of a 
pulpal exposure. It demonstrated in 18 surviving germ-free rats (from a total of 
21 rats) that exposed pulps healed with minimal inflammation, and hard tissue 
healing was often evident in the absence of microbial contamination; while all 
15 conventional control rats with oral microbes suffered severe inflammation 
and infection following pulp exposures when no therapy was rendered. 
In human subjects, Bergenholtz (1974) studied 84 incisor and canine teeth 
from 65 patients who had suffered traumatic dental injuries and required 
endodontic treatment due to pulp necrosis. He showed that the presence of 




The significance of AP as an immune response with a protective function was 
first demonstrated in a series of experiments on monkeys. Möller and his co-
workers (1981 and 1982) studied immuno-compromised and immuno-
competent monkeys and showed that the ability to mount an immune 
response against microbial insults was necessary for the development of AP. 
To demonstrate this, the group exposed and subsequently sealed pulps under 
either aseptic or contaminated conditions, in the 2 groups of monkeys. Only 
exposed pulps in immuno-competent host monkeys contaminated by oral 
bacteria resulted in AP.  
What causes AP? When microbes breach the primary “mucocutaneous 
barrier” provided by a tooth, the host mounts a defensive response in an effort 
to establish a second barrier with the goal of isolation or externalization of the 
invasion (Marton, 2007; Ørstavik and Pitt Ford, 2008). This defensive 
response begins with inflammation (Kettering and Torabinejad 1984, 1986; 
Torabinejad and Kettering, 1985; Lin and Rosenberg, 2011). However, this 
perspective of AP as a protective function is not commonly held by clinicians 
and researchers who are inclined to regard AP as “disease”.  How the body 
then manages the sequelae of AP will be discussed in subsequent sections.  
2.2 What are the features of AP? 
Histological appearance 
AP is a histological description of an inflammatory process occurring at the 
root apex when microbial invasion is persistent (when microbial insult is 
transient, random surveillance polymorphonuclear leukocytes and 
macrophages effectively phagocytose the antigens with minimal disruption to 
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local tissues). AP usually presents as a granuloma described as a mass of 
granulation tissue, with concomitant localized bone loss, around the apex of a 
root (Nair 1997; Ricucci et al., 2006a and 2006b). The granulation tissue 
consists of polymorphonuclear leukocytes, lymphocytes, plasma cells, 
monocytes, macrophages, and fibroblasts in varying proportions and is 
usually surrounded by a collagenous capsule. The varying contents could 
demonstrate a fluctuating equilibrium between destruction (on-going cell 
death and disruption of bone, ligament and organized neurovasculature) and 
repair (with or without reconstruction of indigenous architecture) in the 
inflammatory process (Regan and Barbul, 1991; Nair, 1997; Lin and 
Rosenberg, 2011). 
Within the inflammatory lesion, indigenous osteoblasts in the presence of 
local inflammatory mediators stimulate circulating mononuclear phagocytic 
cells to “slow down” (probably through chemotaxis) and be transformed into 
osteoclastic cells (Chambers, 2010). This osteoclastic activity within AP can 
be seen as a protective mechanism against the invasion of bone by bacteria; 
bacteria within bone are protected from the host immune system and 
therapeutic effects of antibiotics (Nair et al., 1996; Henderson and Nair, 2003).  
Epithelial cells are often demonstrated in this mass of granulation tissue; 
when epithelial cells present as a uniform and continuous layer encompassing 
a fluid-filled cavity, AP is described as a radicular or apical cyst (Seltzer et al., 
1967a and 1967b; Simon, 1980; Nair, 1998). Traditionally, it is believed that 
such an apical cyst is capable of expansion and the epithelium functions as a 
barrier protecting its contents so that the effective treatment for it had to be 
surgical enucleation (Seltzer et al., 1967a; Block et al., 1976; Langeland et al., 
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1977). Even then, a comment was made to emphasize the crucial roles that 
disease diagnosis, host response and treatment details play in the histological 
diagnosis between cysts and granulomas (Block et al., 1976).  More recent 
histological studies give attention to the spatial integrity of AP with the 
anatomical apex of a tooth. It is then possible to differentiate between cysts 
with a complete epithelial lining separating root canal contents from cystic 
contents (this is defined as a “true cyst” by Simon, 1980 and Nair, 1998), and 
cysts that communicate with root canal contents (this type of cyst is described 
as a “bay cyst” by Simon, 1980 and as a “pocket cyst” by Nair, 1998). A 
pocket cyst could respond to non-surgical intervention by virtue of its 
communication with and hence its sustenance by the microbial source within 
the infected root canal (Nair, 1998). A true cyst could be a reason for 
persistence of AP after treatment (Nair, 1997).  
Clinical appearance 
As an inflammatory process, AP would be expected to demonstrate the 5 
cardinal signs of inflammation – “rubor (redness), calor (heat), tumor 
(swelling), dolor (pain) and functio laesa (loss of function)” (Celsus AC. De 
medicina. Self-published, c. A.D. 25 as cited in Tracy, 2006), a result of the 
immune response mounted by the host in an effort to localize the microbial 
insult. However, it has been shown that pain symptoms do not correlate well 
with histological appearance of AP (Block et al., 1976). In view of the dynamic 
nature of AP and the host response (Nair, 1997), it would be useful to the 
clinician if some clinical signs and symptoms could accurately determine if AP 
is part of healing or if it is still being fuelled by microbial contamination; and in 
persistent AP, if a true cyst could be the reason. 
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Due to the poor correlation with histology, current clinical diagnostic criteria 
focus on the presence or absence of symptoms (AAE Colleagues for 
Excellence, 2013): Symptomatic AP includes pain during tooth function, pain 
to percussion of the tooth and pain to palpation of associated oral mucosa 
that is associated with an inflamed or infected pulp, with or without a 
radiographic lesion; and asymptomatic AP presents with a clinical diagnosis of 
an infected pulp with a radiographic lesion but no signs or symptoms. With 
regards to an asymptomatic inflammatory process, surveys of people groups 
with limited access to healthcare, for example the elderly and those belonging 
to lower income groups, showed that episodes of pain that were at times 
debilitating could be tolerated and the host lived to tell (de Oliveira et al. 2006; 
Cohen et al., 2007; Luo et al., 2007). Among populations with good access to 
dental healthcare, AP was prevalent in 3.5% to 7% of all teeth, regardless of 
symptoms (Petersson et al., 1986 in Sweden; Eriksen and Bjertness, 1991 in 
Norway; de Cleen et al., 1993 in The Netherlands; Buckley and Spangberg, 
1995 in Connecticut, USA; Eckerbom et al., 2007 in Sweden). 
Therefore, symptoms in AP are useful in clinical diagnosis as long as other 
observable clinical determinants support the presence of “disease”. This 
poses a serious challenge when an asymptomatic persistent AP is associated 
with an otherwise functional tooth without obvious defects.  
Imaging of AP 
Radiographically, both granulomatous and cystic lesions of AP appear as a 
mono-loculated radiolucency with varying intensity and continuity of a 
radiopaque border (Brynolf, 1967; Orstavik et al., 1986; Ricucci et al., 2006a, 
2006b and 2009). As a non-invasive diagnostic tool, characteristics of the 
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border, shape and size of AP observed on radiographic films and images 
could potentially be useful for differentiation between granulomas and cysts, 
which would contribute towards treatment decision-making. An epithelial-lined 
cyst with a distinct border with adjacent bone could be expected to appear as 
a discrete radiolucency with a well-delineated radiopaque border, 
distinguishing it from a granuloma. However, judgment between granulomas 
and cysts made by diagnosticians and clinicians when reading conventional 
and digital radiographs is not well correlated with histological definition 
(Seltzer et al., 1967a and 1967b; Ricucci et al., 2006b; Carrillo et al., 2008). 
Furthermore, it is reported that interpretation of radiographic characteristics 
varies among observers and even within the same observers at different 
times; it is suggested that multiple angulations for evaluation of the same 
lesion and well-defined evaluation criteria could minimize allocation bias and 
improve consistency among examiners (Goldman et al., 1972; Goldman et al., 
1974; Reit and Hollender, 1983; Zakariasen et al., 1984; Lambrianidis 1985; 
Eckerbom et al., 1986; Reit 1987; Molven et al., 2002).  
Alternative non-invasive methods and techniques to study and differentiate 
AP have been proposed: (1) digital radiometric analysis where the different 
grayscale of digital images are correlated with cysts and granulomas (Shrout 
et al., 1993) but the findings are not widely corroborated by other groups; (2) 
ultrasound to differentiate between cysts and granulomas (Cotti et al., 2003; 
Gundappa et al., 2006) and (3) cone beam computed tomography (CBCT) 
which has reportedly higher sensitivity and specificity in detecting AP (Estrela 
et al., 2008; Rosenberg et al., 2010; Guo et al., 2013). Ultrasound employs 
echography to detect the level of vascularity within a lesion and has been 
17 
 
shown to correlate well with histological findings (Cotti et al., 2003; Gundappa 
et al., 2006) but clinical application is limited by the presence of cortical bone 
over some lesions. CBCT is promising in its improved accuracy of detecting 
AP (Estrela et al., 2008); but suffers similar challenges of inter-examiner 
interpretation and lack of correlation with histological findings (Rosenberg et 
al., 2010). Moreover, routine use of CBCT does not fulfill the recommended 
“as low as reasonably achievable” ALARA dose for radiation hygiene (Patel et 
al., 2015). 
To date, histological data, clinical presentation and current imaging 
techniques are still unable to determine the nature of AP relevant to clinical 
management. With regards to the nature of persistent AP, careful 
documentation of patients’ experience and consecutive radiographic images 
made in reproducible angulations over a period of time may provide 
information on its progress towards healing or deterioration. 
2.3 What happens if AP is Not Controlled? 
As previously mentioned, the oral cavity is part of the body’s epithelial barrier 
between the host and its external environment. In the oral cavity, the tooth is 
part of this “mucocutaneous barrier” (Ørstavik and Pitt Ford, 2008). Although 
the tooth is vulnerable to microbial insult through demineralization and 
physical invasion, it possesses the following protective qualities: (1) a hard 
mineralized outer layer of enamel that is capable of remineralization when 
conditions are favorable; (2) positive hydraulic pressure from odontoblasts 
located near and within dentinal tubules that hinders invasion of microbes and 
microbial products; and (3) pulpal defense cells, microvasculature and the 
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sympathetic and parasympathetic nervous system capable of innate and 
adaptive immunity (Couve et al., 2013; Krifka et al., 2013; Barbour and Lussi, 
2014). 
When this primary mucocutaneous barrier is breached, AP serves as a 
second barrier. If the microbial insult is eradicated, the inflammatory reaction 
may subside and the periapical tissues undergo repair. However, if AP is 
uncontrolled, the following sequelae are possible: (1) equilibrium is 
established between invader and host so that the lesion is either localized or 
externalized. The former condition is commonly described as chronic AP and 
when an externalizing tract (commonly referred to as a sinus tract) is formed, 
it is defined as chronic apical abscess (AAE Glossary of Endodontic Terms, 
2012); (2) acute exacerbations of the chronic states; and (3) a spreading 
infection in the interstitium, usually along tissue planes, when the host 
immune response is overcome (Nair, 1997). 
Clinical and histological observations show that it is not unusual for 
uncontrolled AP to move back and forth among these possible sequelae (Nair, 
1997), although a healthy host without comorbidity is likely to maintain a 
chronic state that is mostly asymptomatic. An acute exacerbation may have 
serious health consequences.  A series of reports based on inpatient data in 
the Nationwide Inpatient Sample (NIS) and Nationwide Emergency 
Department Sample (NEDS) in the United States of America showed that 
approximately 1% of hospital emergency visits was due to a dental condition 
(Allareddy et al. 2014). In particular, apical abscesses presenting with and 
without sinus tracts had an impact on hospitalization costs and even mortality.  
Using retrospective hospital discharge data, the findings on health risk over a 
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9-year period showed that >90% were discharged routinely but a very small 
proportion (a total of 66 patients during the 9-year period) died as a result of 
an endodontic infection (Shah et al., 2013). Severe comorbidity had a 
significant impact on hospital costs and length of stay.  
Even though AP performs a primarily protective function, there is no evidence 
to suggest that AP initiated by an infected pulp should be left untreated. On 
the contrary, uncontrolled infection has high cost implications and mortality 
risk.  
2.4 What is expected of treatment?  
The goal of endodontic treatment is healing and this is achieved through 
microbial eradication and consequent reversal of AP, for retention of a 
functional dental unit that is compatible with health.  This section describes 
available evidence on treatment outcome and the limitations of using 
radiographic evaluation criteria to determine what is essentially a histological 
response.  
Healing of AP 
Based on the premise that eradication of viable bacteria is necessary for 
healing, current methods for reducing the bacterial load include: 
(1) Mechanical debridement using files and reamers; 
(2) Antibacterial irrigating solutions; 
(3) Antibacterial dressings sealed within root canals for a period of time; and 
(4) Ultrasonic agitation of antibacterial irrigants. 
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Over a period of 7 years, Sundqvist and his co-workers systematically studied 
and reported on the 4 methods to identify the most efficacious ways to reduce 
bacterial load from within infected root canals and studied treatment outcomes 
based on radiographic resolution of AP. The authors (Byström and Sundqvist, 
1981) reported that using instruments and physiologic saline irrigation alone 
(Method 1) to clean root canals reduced bacterial load in 15 teeth with 
established root canal infection. They were able to eliminate bacteria (as 
measured by culturing) in 8 teeth after performing the procedure over 5 
sessions but could not eliminate bacteria from 7 teeth. In this small sample, 
they found that bacteria in these persistently infected canals appeared to re-
colonize the root canals in between the sessions of instrumentation. Under 
similar clinical and laboratory conditions, Byström and Sundqvist (1983) 
combined Method (1) with Method (2) by using 0.5% sodium hypochlorite as 
an antibacterial irrigant and compared the results of bacterial load reduction 
with those from Method 1 alone. Adding 0.5% sodium hypochlorite to the 
instrumentation protocol eliminated cultivable bacteria in 12/15 root canals 
after 5 sessions. 
By 1985, Byström and Sundqvist had reduced the number of instrumentation 
visits from 5 to 2 and included Method (3), an antibacterial dressing of calcium 
hydroxide placed in canals between treatment sessions, in their disinfection 
protocol (Byström et al., 1985). The authors also compared disinfection 
efficacy of 5% vs. 0.5% sodium hypochlorite, plus the use of a chelating agent 
to remove the smear layer created during instrumentation (Byström and 
Sundqvist, 1985). It was postulated that the removal of this largely inorganic 
matrix could expose bacteria to the antibacterial irrigant; the authors showed 
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that root canals instrumented in conjunction with 5% sodium hypochlorite and 
EDTA had the lowest cultivable bacteria, but none of the irrigation protocols 
was able to render all root canals free of cultivable bacteria after 3 sessions. 
Evaluation of clinical outcome was reported in Byström and coworkers (1987). 
The sample included 79 root-filled teeth from the earlier studies, which were 
root-filled after negative culture and followed up for a minimum of 2 years, to 
study treatment outcome of healing based on radiographic criteria (Strindberg 
1956). The authors showed that elimination of cultivable bacteria resulted in 
high healing rates of AP, with 67 teeth (84.8%) healing completely; 7 lesions 
had reduced in size (incomplete healing) and 5 remained unchanged. Three 
teeth from the incomplete healing group received root-end surgery and 
histological examination: the lesions were found to be scar tissues with 
minimal inflammation. From the 5 teeth that remained unchanged, 4 had 
persistent infection and the authors had difficulty eliminating bacteria using 
the available disinfection protocols. Subsequent histological examination 
demonstrated 2 radicular cysts and 1 periapical abscess. In the last of this 
series of experiments, Sjögren and Sundqvist (1987) followed the protocol in 
Byström and Sundqvist (1985) to evaluate the effect of ultrasonic agitation of 
0.5% sodium hypochlorite irrigant without the use of an inter-appointment 
antibacterial dressing (Method 2 combined with Method 4), and compared the 
efficacy of eliminating cultivable bacteria by hand vs. ultrasonic 
instrumentation using an antibacterial irrigant. Results demonstrated 
significantly fewer canals with cultivable bacteria following ultrasonic agitation 
of 0.5% sodium hypochlorite at the end of the 1st and 2nd sessions.  
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Sundqvist and co-workers concluded that an inter-appointment dressing using 
calcium hydroxide resulted in a significant reduction of cultivable bacteria 
regardless of instrumentation techniques and this was supported by others 
using contemporaneous technology (Shuping et al., 2000; McGurkin-Smith et 
al., 2005). Regarding the application of Method 3 (an inter-appointment 
dressing of calcium hydroxide) and reliance on microbial culture as a 
surrogate for treatment quality, it is worth noting that a majority of infected 
teeth in Sjögren et al. (1997) healed without an inter-appointment dressing 
(44/53 teeth, 83%) and 2 out of the 9 that did not heal actually had negative 
bacterial count prior to root-filling.  
Studies on healing of AP based on achieving negative microbial cultures have 
served the profession well by improving technical standards. However, 
microbial culturing is an inadequate tool for predicting treatment outcome. It is 
not possible to isolate and cultivate all viable and potentially pathogenic 
microbes from infected root canals; microbial pathogenicity of cultivable 
microbes is unknown; and knowledge of polymicrobial and microbial-host 
interactions is still incomplete (Sathorn et al., 2007; Siqueira & Rôças, 2008 
and 2009; Ozok et al., 2012). 
It is now generally accepted that current treatment protocols do not reliably 
eliminate bacteria from root canals so that a microbial threshold of <103-104 
cells has been suggested, with an accompanying remark that a chair-side 
device for such a measurement is not yet available (Siqueira & Rôças, 2008). 
The profession must look to epidemiological studies for answers to questions 
related to factors promoting healing. Much as it is desired that treatment 
performed to a high technical quality be a predictor of healing, and that poor 
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quality treatment predict persistent disease, evidence shows available clinical 
tools for evaluation are limited and even the definition of “disease” is not as 
straightforward as it is hoped. 
How is healing of AP assessed? 
As described in the previous section 2.2, even though the nature of AP is not 
always known, clinical diagnosis is made based on clinical and radiographic 
descriptions. With the emphasis on microbial load reduction and the 
meticulous instrumentation techniques to achieve it, technical quality of 
endodontic treatment and the subsequent coronal restoration of an infected 
tooth are considered to have a significant impact on healing of AP (Sjögren et 
al., 1990, Ng et al., 2011a). Strindberg’s criteria (1956) are currently referred 
to as the “strict” criteria for treatment outcome evaluation, requiring both 
symptom-free function as well as a radiographically restored apical 
architecture for treatment to be considered a “success”. 
Cross-sectional population studies in numerous countries demonstrate a low 
technical standard in 50% or more of the cases surveyed, with a 
corresponding higher prevalence of radiographic lesions associated with root-
filled teeth. This has led to the conclusion that poor quality treatment is 
associated with persistent AP (Petersson et al., 1986 in Sweden; Eriksen and 
Bjertness, 1991 in Norway; de Cleen et al., 1993 in The Netherlands; Buckley 
and Spangberg, 1995 in Connecticut, USA; Eckerbom et al. 2007 in Sweden). 
Even though the association of microbial load reduction with adequate 
technical quality is well-established (Sjögren et al., 1997; Shuping et al., 2000; 
McGurkin-Smith et al., 2005), the conclusion that poor quality treatment 
causes persistent AP cannot be drawn without knowledge of pre-treatment 
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status and time since treatment was performed, information not available in 
cross-sectional surveys (Chugal et al., 2007; Pak et al., 2012). 
Studies with methodologies that include longitudinal re-examination of root-
filled teeth treated several years prior provide much more reliable information 
on healing in teeth with known pre-treatment status (Sjögren et al., 1990; 
Chugal et al., 2001, 2003 and 2007; and Ng et al., 2011). However, 
challenges of adhering to the “strict” criteria of healing or success (Strindberg, 
1956) can be observed: 
(1) The challenge of judging technical quality based on radiographs 
A follow-up study described supervised treatment performed by 
undergraduate dental students 8-10 years prior (Sjögren et al., 1990). The 
authors reported that 86% of teeth with pre-treatment AP had radiographic 
resolution while 96-98% of teeth without AP at the time of treatment remained 
free of radiographic evidence of AP. Whereas a root-filling length of 0-2mm 
from the radiographic apex was predictive for successful reversal of pre-
treatment AP (according to Strindberg’s strict criteria), a densely filled root 
canal without voids was not; this demonstrates the challenge of “judging” 
technical quality based on radiographic evidence alone. Towards evaluating 
technical quality, there are also limitations to adopting the radiographic 
features reported in the paper: (i) The paper states that the original 
endodontic treatment was performed in the 1970s, using instrumentation 
techniques that are no longer contemporary; (ii) Bacteriological control was 
performed only in “nonvital and pulpitis” cases, but the criteria for these cases 
are not reported; (iii) Bacteriological control was performed to fulfill the (now 
outdated) guidelines that root canals be filled only when negative cultures are 
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obtained. It was not the intention of the original endodontic procedure to 
provide positive and negative controls of this effort; and (iv) It was not 
possible to minimize case selection bias at the time of treatment. Taken 
together, this paper cannot provide the needed evidence for causes of 
“disease” and “success”.  
(2) Potential confounding of treatment outcome in observational studies 
Using a sample of 200 teeth in 120 patients from a population treated by 
endodontic residents between 1988 and 1992 in a dental hospital, Chugal and 
co-workers evaluated pre-treatment predictors, intra-treatment predictors and 
post-treatment restorative predictors on endodontic treatment outcome of 
“normal” vs. “diseased” periapical conditions (Chugal et al., 2001, 2003, and 
2007). The teeth were re-examined 3.5 to 4.5 years after treatment. “Success” 
was defined by Strindberg’s criteria (1956). Among teeth with pre-treatment 
AP, certain intra-treatment and post-treatment restorative factors were also 
predictive for “success” but treatment selection bias in this non-randomized 
study played a major role in confounding treatment outcome assessment. 
In a more recent observational cohort study on “periapical health” (Ng et al., 
2011), endodontic residents and faculty members treated vital teeth and 
infected teeth with and without AP, over an 8-year period in a dental hospital, 
using generally standardized treatment protocols and contemporaneous 
instruments. Individual operators selected the cases and decided on the 
specifics of treatment, demonstrating potential selection bias as before. 
Evaluation of healing of treated teeth was conducted 2-4 years after treatment 
and outcome was dichotomized into healed vs. not healed; the group with 
incomplete healing was allocated to the group that did not heal.  Similar to the 
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previous studies (Sjögren et al., 1990; Chugal et al., 2001, 2003 and 2007), 
certain intra-operative and post-operative factors were identified to be 
predictive of “success” among teeth with pre-treatment AP.  
This thesis acknowledges that it is not financially feasible to conduct 
randomized controlled trials of the magnitude described in the 
abovementioned observational studies (Chugal et al., 2001, 2003 and 2007; 
Ng et al., 2011). However, in view of the limitations of a radiographic 
assessment of healing, a more reasonable conclusion to be drawn from 
cross-sectional surveys and observational studies is, pre-treatment infection 
could delay or hinder healing after treatment and healing should not be 
dictated by a specified time.  
To conclude this section on AP as a host response to microbial invasion, the 
most important predictor of healing is the presence of pre-treatment AP; the 
size of the radiolucent lesion as a predictor is associated with the time since 
treatment when the re-examination was performed. This could mean that 
larger lesions require more time for healing. Current assessment 
methodologies are lacking so that it is questionable if AP still persisting at any 
specific time after treatment should immediately be classified as “disease”. 
2.5 What is persistent AP and does it always need to be treated?  
Available guidelines for good clinical practice consider asymptomatic AP 
persisting beyond 4 years to be incapable of healing and should receive 
further intervention (Strindberg, 1956; Ørstavik, 1996; European Society of 
Endodontology, 2006). In a letter to the editor, Wu et al. (2011) proposed a 
cut-off period of 1 or 2 years to classify a lesion as being persistent and 
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incapable of healing. These definitions of asymptomatic persistent AP do not 
adequately take into account biological variations in healing as evidenced by 
lesions that had taken up to 20-27 years to heal (Molven et al., 2002, Fristad 
et al., 2004).  
Current concepts of AP and its reversal or persistence following treatment are 
largely based on radiographic and histological data available from an often-
cited study conducted in cadavers with unknown dental history (Brynolf, 
1965), a more recent study with a smaller sample of 53 teeth retrieved by 
block dissections of preserved cadavers (Barthel et al., 2004) and 
convenience sampling during clinical treatment (Seltzer et al., 1967a and 
1967b; Simon, 1980; Nair et al., 1999; Ricucci et al., 2009, Love and Firth, 
2009). These studies suggest that radiographic lesions associated with filled 
roots are well correlated with histological findings of chronic inflammation, with 
varying fibrous infiltrations and few acute inflammatory cells. Although 
presence of bacteria has been reported to be associated with inflammation, 
and absence of bacteria where no inflammation was observed in filled roots 
(Ricucci et al., 2009), this observation is not always supported (Nair et al., 
1999). As previously observed, the varying contents of AP represented 
fluctuations in the equilibrium between healing and deterioration (Nair, 1997; 
Regan and Barbul, 1991; Lin and Rosenberg, 2011), so it can be expected of 
persistent AP associated with filled roots, with an additional observation that 
persistent AP tends to be chronic in nature, demonstrating periods of “rest” 
and “quiescence” (Brynolf, 1967; Ørstavik et al., 1986; Nair, 1997). Therefore, 
in the absence of clinical signs and symptoms, it is not possible to know if 
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these lesions represent on-going healing or persistent inflammation that is 
considered “disease”. 
Furthermore, studies in regeneration and repair of the human body suggest 
that inflammation always leads to scarring; a huge challenge of therapy is to 
minimize scarring during wound healing (Regan and Barbul, 1991; Chang et 
al., 2000; Zhang and Fu, 2008; Mercola et al., 2011). The proposed ideal 
model for scarless healing (and potential regeneration) is that observed in 
fetal wound healing when healing of injured tissues takes a short time, is not 
preceded by inflammation and results in regeneration (Whitby and Ferguson, 
1991; Bullard et al., 2003; Colwell et al., 2003). However, even fetal scarless 
healing appears to be limited by organ, gestational age and lesion size 
(Colwell et al., 2003). Scar tissue is one of the causes of persistent 
radiolucency (Byström et al., 1987; Nair et al., 1999; Halse and Molven 2004) 
but there is no available evidence to suggest that scarred healing of AP is the 
norm. One difficulty is that the periapical tissues cannot be directly accessed 
for clinical evaluation as in the case of the conjunctiva and the skin, for 
example. 
Therefore, with the exception of root-filled teeth with obvious defects in 
structure or presenting with associated pain or swelling, it is not always 
possible to determine if the persistent AP associated with a root-filled tooth is 
undergoing an as-yet incomplete “healing” or if it is indicative of persistent 
inflammation (“diseased”). This is particularly the case when there is 
elimination of symptoms and evidence of bony healing is not readily available 
when pre-treatment status is unknown. At the very least, the concept of 
asymptomatic function (Friedman and Mor, 2004) should be extended to 
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evaluating the response of AP to root canal treatment of an acceptable 
standard.  
The effect of time on healing and asymptomatic function as a feasible 
long-term option  
All living organisms are programmed with a limited life span so that aging and 
death are inevitable and a matter of time. Within that life span, living 
organisms are able to grow and to adapt to their environment as well as repair 
themselves; although there is great variability in how all these are done 
(Rando, 2006). As in the process of growth and repair, healing of AP requires 
time. Often, the practical requirements of clinical practice call for a cut-off time 
to evaluate healing (for example, minimum 1 year and up to 4 years as 
recommended by the European Society of Endodontology, 2006) so that 
definitive treatment options could be considered and plans made. At other 
times, the desire for homogenous clinical research methodology for robust 
epidemiological studies might dictate a cut-off time to evaluate healing (Wu et 
al., 2011). These efforts are made towards treatment outcome evaluation and 
do not reflect the natural condition where healing is not obliged to conform to 
a set time frame (Molven et al. 2002, Fristad et al., 2004).  
While the dental profession is keen to pronounce a tooth with AP as “healed”, 
“healing” or “not healed” after treatment, an additional category of “functional 
retention” was proposed to describe an asymptomatic and clinically normal 
tooth with a radiographic lesion that persists after treatment (Friedman and 
Mor, 2004). The additional category of “functional: a treated tooth or root that 
is serving its intended purpose in the dentition” in addition to treatment 
outcomes of “healed, nonhealed and healing” was subsequently adopted by 
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the American Association of Endodontists (AAE Communiqué, 2005) and is 
widely accepted. To classify AP as “healed”, “healing” or “not healed,” 
suggests an intention to direct AP towards “healed” so that if it is “healing”, 
more time may be allowed if the overall treatment plan allows; and if it is “not 
healed”, the judgment dictates that further intervention is necessary. The 
category of “functional” suggests that it is a feasible long-term option to leave 
the tooth alone when there are no other patient or clinical factors that might 
predispose the persistent AP to deteriorate in the foreseeable future.  
However, there is the challenge of predicting disease progression; the 
unknown impact of persistent AP on general health; and the cost and 
expected risks and benefits of further intervention need to be considered.  
2.6 What is the evidence on progression of persistent AP? 
Studies have focused on evaluating healing, and when it is not complete by a 
certain time, further intervention is currently the standard of care (European 
Society of Endodontology, 2006). As a result, very little is known about clinical 
exacerbations and the progression of persistent AP.  
A retrospective study on treatment performed by a single dentist with 
unknown inclusion and exclusion criteria suggested that radiographic 
monitoring alone was a feasible option, with an estimated 0.3-2.3% annual 
risk of symptomatic exacerbations (Van Nieuwenhuysen et al., 1994). 
However, the overall quality of treatment was described as poor, with cases 
treated using outdated techniques such as single-cone gutta percha, pastes 
and some canals being left unfilled. Allocation to retreatment and radiographic 
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monitoring was also not controlled nor randomized and allocation criteria were 
unknown.  
A recent report of lesion change over time was based on retrospective data 
(Tsesis et al., 2013) from follow-up radiographs of 200 root-filled teeth (in 74 
patients) at least 1 year following treatment and again 4-8 years later, with no 
intervention between the two time points.  The authors reported that 51.5% of 
lesions present at the first examination had deteriorated between the two time 
points, 20% improved and 28.5% remained unchanged. The assessment was 
based on changes to the 5-point Periapical Index (PAI) as proposed by 
Ørstavik et al. (1986). Cases were included when a minimum of 1 year had 
elapsed since treatment, but the precise time since treatment was unknown 
and no treatment-related radiographs were available. There was no specific 
criterion to select teeth with pre-treatment AP so that it is possible the sample 
included AP emerging after treatment (Ørstavik, 1996). Radiographs of these 
cases were evaluated without clinical re-examination of patients. The quality 
of treatment was reported to be poor: 121 teeth, 60.5% had poor root filling; 
and 97 teeth, 48.5% had poor coronal restoration, which the authors found 
were the only factors significantly associated with lesion deterioration. In the 
statistical analysis, lesion change was managed as a binary outcome but it 
was not clear how lesions that remained unchanged were managed 
statistically. To estimate the effect of potential predictors of changes in the 5-
point PAI, multiple linear regression was used, but it should be noted that the 
intervals in the PAI (Ørstavik et al., 1986) are not intended to be equal.   
A longitudinal observational study reported that persistent AP associated with 
root-filled teeth treated to an acceptable standard was capable of continued 
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healing even after prolonged periods following treatment (Molven and Halse, 
1988; Molven et al., 2002; Fristad et al., 2004). From an inception cohort of 
patients treated by supervised undergraduate students, persistent lesions 
were observed at 10 to 17 years after treatment and again at 20-27 years 
later. Although the final sample reviewed was small (72 roots in the primary 
treatment group reported by Molven et al. [2002]; 66 roots in the retreatment 
group reported in Fristad et al. [2004]), a majority of persistent radiographic 
lesions identified at 10-17 years showed complete healing over the next 10 
years.  
Hence, available evidence on progression of persistent AP suggests that root 
canal treatment to a poor technical standard will result in worsening of AP with 
time, which lends support to available treatment outcome studies that are 
limited by methodology. Lesion progression of persistent AP, especially when 
it is associated with good root filling and good coronal restoration, is still 
largely unknown.  
2.7 Does persistent AP pose a threat to health?  
Although the incidence of persistent AP is expected to be low (based on the 
high proportion of cases that heal after root canal treatment), persistent AP is 
identified in a large proportion of subjects in populations with high dental 
awareness and access to dental care. Depending on sampling criteria, long-
term observational studies have estimated that approximately 38-61% of the 
population had at least one periapical lesion identified through radiographic 
survey, mostly associated with root filled teeth (Petersson et al., 1991; 
Kirkevang et al., 2012 and 2014). On the other hand, large population studies 
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(with sample sizes ranging from 44,000 to 1.5 million teeth) based on data 
from health insurance providers showed that 92-97% of root-filled teeth 
remained in function 3.5-8 years after treatment (Lazarski et al., 2001; 
Salehrabi and Rotstein, 2004; Chen et al., 2007). Only a very small proportion 
(1.4-5.6%) required further interventions and these typically included 
extraction, retreatment and apical surgery (Lazarski et al., 2001; Salehrabi 
and Rotstein, 2004). In controlled environments where endodontic treatment 
was performed to a high standard, 95-97% of root-filled teeth remained in 
asymptomatic function for 4-6 years after treatment, despite an estimated 15-
25% of persistent AP (de Chevigny et al., 2008a and 2008b; Ng et al., 2011a 
and 2011b).  As discussed in the previous section, the incidence of painful 
exacerbation is largely unknown, but appears to be low (0.3-2.3%; Van 
Nieuwenhuysen et al., 1994). Therefore, these observations suggest that a 
majority of persistent AP does not pose a threat to health.  
The low health threat of persistent AP is also supported by immunologic 
studies (Torabinejad et al., 1983; Kettering and Torabinejad, 1984 and 1986). 
These studies suggest that acute endodontic infections are associated with 
increased level of host circulating immunoglobulins and when infection is 
controlled with treatment, the level is brought back down (Kettering and 
Torabinejad, 1984). In addition, chronic AP, to which most persistent lesions 
belong, does not evoke an increased level of circulating immunoglobulins 
(Torabinejad et al., 1983; Kettering and Torabinejad, 1986). As 
immunoglobulins are produced in response to a systemic challenge, these 
findings suggest that host response in chronic or persistent AP is “well-
encapsulated” and a “localized reaction” (Kettering and Torabinejad, 1986). 
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Hints of local dental foci of infection causing health problems at remote sites 
(Debelian et al., 1994, Cotti et al., 2011; Costa et al., 2014) lack evidence for 
a causal effect (Newman, 1996) and face challenges of confounding by 
frequent transient bacteraemia that occur during daily life (Tomás et al., 2012) 
and other lifestyle risk factors such as nutrition, physical activity and smoking 
(Willershausen et al., 2009). 
In view of the fact that root-filled teeth may be associated with AP but 
continue to remain in asymptomatic function, it can be concluded that 
persistent AP poses minimal threat to health, at least at the clinical level.  In 
contrast, persistent AP with associated signs and symptoms of pain and/or 
swelling that did not respond to treatment at an acceptable standard of care, 
may represent a misdiagnosed non-odontogenic lesion (for example, a rare 
case of non-Hodgkin’s lymphoma was reported by Saund et al., 2010) and 
should not be ignored. However, in populations with available primary 
healthcare for the control of caries and dental infection, such occurrences are 
rare (Stockdale and Chandler, 1988; Schulz et al., 2009; Saund et al., 2010). 
2.8 When further intervention in persistent AP is considered, what are 
the expected benefits, risks and costs? 
Options for further intervention in persistent AP include root canal retreatment 
after dismantling part or all of the existing restoration, apical surgery to excise 
the apical lesion with or without a root-end debridement and filling, or 
extraction of the tooth with the intention of removing the source of persisting 
infection (Friedman and Stabholz, 1986; Messer, 1999). During informed 
patient consent and shared patient-dentist decision-making regarding the 
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most preferred option, the following issues are considered: (1) treatment 
feasibility; (2) expected merits and prognosis; and (3) estimated costs and 
potential risks. Patients’ values, priorities and financial constraints, as well as 
dentists’ values and perceived benefit of further intervention usually exert an 
over-riding influence on the decision-making process (Sandman and Munthe, 
2010). It is also difficult to evaluate patients’ preference independently of 
dentists’ values when dentists are the care-providers and often an important 
source of information on recommended treatment options (Weinstein et al., 
1978). 
Dentists’ values and perceived benefit of further intervention 
While dentists may acknowledge the presence of persistent AP based on 
radiographic findings, the decision to perform further treatment for their 
patients tends to be based on their personal values, a subjective opinion of 
the need for further treatment and whether the proposed treatment is likely to 
yield the desired outcome (Reit and Gröndahl, 1984; Reit et al., 1985; Reit 
and Gröndahl, 1987, 1988; Kvist et al., 1994; Kvist and Reit, 2002). These 
personal values are often a result of training, experience and social norms 
and vary widely among dentists (Alani et al., 2011; Azarpazhooh, 2013a). At 
the same time, dentists may experience additional pressures, including 
obligations to patients and the institution they serve, so that diagnosis of 
disease and prescription of treatment may not always correlate well with 
actual treatment rendered (Naegele et al., 2010). 
Patients’ values and preferences 
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Care-seeking behaviour and patients’ values towards tooth retention are 
potentially modified by gender and cultural and social norms (Dao and 
LeResche, 2000; Kressin et al., 2003) but a large proportion opt to retain their 
teeth if given a choice (Gatten et al., 2011; Azarpazhooh, 2013b). Patients 
with access to health care tend to view their teeth as part of their body and 
maintaining healthy teeth as part of maintaining good overall health (Gatten et 
al., 2011). These general values are modified by the costs needed to maintain 
the desired level of health and patients’ interactions with their dentist. Many 
patients prefer to share the decision-making responsibility for their treatment 
with their dentist, in that they expect the dentist to provide relevant information 
and expert opinion for treatment while at the same time respecting their 
autonomy as consumers (Azarpazhooh, 2014). 
Treatment feasibility 
A holistic approach to assessing treatment needs and feasibility of further 
treatment in a tooth with persistent AP is desired but often difficult to achieve 
(Friedman and Stabholz, 1986; Messer, 1999). It is necessary to identify the 
functional requirements expected of the tooth and whether its restoration is 
strategic to the patient’s overall treatment needs and expectations (Friedman 
and Stabholz, 1986; Messer, 1999; Friedman and Mor, 2004; Gatten et al., 
2011). 
Expected merits and prognosis  
The merit of retaining a naturally functioning dental unit is usually obvious. 
When identifiable factors that contribute to persistent AP are rectified, 
prognosis of further AP reversal and functional retention of teeth are similar to 
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those with primary AP (de Chevigny et al., 2008a, b; Friedman, 2008; Ng et 
al., 2011a and 2011b). Apical surgery performed using modern microsurgical 
techniques is expected to retain 94% of treated cases at 2-4 years and 88% 
at 4-6 years (Torabinejad et al., 2015). Tooth retention through retreatment or 
apical surgery is very feasible when AP persists.  
Potential risks and estimated costs 
An obvious potential risk of further intervention is that it might compromise the 
tooth further (Van Nieuwenhuysen et al., 1994). However, this risk is 
estimated to be very low with good case selection and especially when 
functionality is the intended outcome. When it comes to the question of costs, 
issues that are pertinent include both direct costs incurred by patients and 
indirect costs to patients and the health care provider (Kvist and Reit, 2000; 
Balevi and Shepperd, 2007; Bassi et al., 2013). Direct costs include surgical, 
hospital, professional and material fees; indirect costs include clinic overhead, 
patients’ pain experience during recovery, patients’ time loss from work, as 
well as scheduled and unscheduled maintenance costs (Kvist et al., 2000; 
Bassi et al., 2013). 
Patients with the ability to make informed decisions are likely to opt for what is 
naturally theirs to begin with (Gatten et al., 2011). However, they are reliant 
on healthcare providers to furnish information on costs, risks and benefits 
(Azarpazhooh, 2014). While patients are willing to pay for treatment that is 
perceived to provide good value for money (Smith and Cunningham, 2004; 
Srivastava et al., 2014), definition of value differs among patients, among 
dentists, and between patients and dentists. These differences are potentially 
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further complicated by dentists’ perception of patients’ values which in turn 
influences the care provided (Weinstein et al., 1978).  
In summary, although root canal treatment is predictably successful in a large 
majority of cases, persistent AP remains a substantial clinical problem.  The 
progression and consequences of unmanaged persistent AP are poorly 
understood, and the decision-making process regarding further management 
is subjective. This review of available literature has identified gaps in 
knowledge with regards to the nature of persistent AP. The challenges to 
clinical practice with regards to decision-making on further intervention in 
persistent AP have also been elucidated.  
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CHAPTER 3 STATEMENT OF THE PROBLEM & STUDY DESIGN 
The following gaps in knowledge are identified for further study: 
1. The risk of pain and flare-up due to persistent AP and impact on 
patients’ quality of life are unknown.  
Persistent AP associated with a root-filled tooth has a potential risk of causing 
pain and the more severe flare-up pain and/or swelling that requires an 
unscheduled dental visit.  The incidence of acute exacerbation of radiographic 
lesions was reported to be less than 5% a year by Eriksen (2008) and 
between 0.3-2.3% a year by Van Nieuwenhuysen et al. (1994), based on 
small sample sizes and uncertain criteria. A systematic review of persistent 
pain associated with root-filled teeth suggests a prevalence of about 5%; 
however that figure includes a variety of dental causes in addition to AP 
(Nixdorf et al., 2010). Other than reports of low incidence of inter-appointment 
flare-up during the course of treatment (3.2% [Walton and Fouad, 1992] and 
0.4% [Iqbal et al., 2009]) there are no reports of flare-up among persistent 
lesions.  
2. The proportion of non-healing lesions in asymptomatic persistent AP is 
unknown. 
Cross-sectional studies suggest a less than 10% prevalence of AP related to 
all teeth, with a much higher prevalence of up to 60% prevalence in root-filled 
teeth (Eckerbom et al., 1987; DeCleen, 1993; Weiger et al., 1997; Buckley 
and Spångberg, 1995; Petersson et al., 1986 and 1991; Eriksen and 
Bjertness, 1991; Friedman, 2008). However, these studies have not taken into 
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account pre-treatment periapical status, time since treatment or change in 
lesion size since treatment (Chugal et al., 2007; Pak et al., 2012). 
Consecutive cross-sectional studies and long-term prospective studies 
primarily designed to study healing of primary AP observe that some lesions 
are capable of progressive resolution or deterioration over prolonged periods, 
while others remain status quo (Strindberg 1956; Petersson et al., 1991; 
Molven et al., 2002; Halse and Molven, 2004). However these studies are 
biased towards radiographic resolution and limited by small sample size and 
low recall rates.  
3. Clinical risk factors for lesion deterioration are unknown. Risk 
assessment of persistent AP for evidence-based management is unavailable. 
Available epidemiological studies are biased towards evaluating treatment 
outcome (Friedman, 2008) and not the risk of non-intervention of AP. Other 
than the report by Van Nieuwenhuysen (1998) suggesting that radiographic 
monitoring of asymptomatic persistent lesions posed minimal risk of 
complications, very little information is available on persistent AP.  
This thesis describes the obtaining of information to address these knowledge 
gaps, and to use the data to build a lesion deterioration risk score. Such a 
score could help clinicians facing persistent AP to identify lesions that would 
benefit from further intervention. No such decision-making aid is currently 
available. 
Through a cross-sectional study design, persistent AP present for at least 4 
years following treatment was identified among patients who had received 
endodontic treatment at a university-based dental centre from 2003 through to 
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2008 (Figures 1 and 2). Using a structured questionnaire survey, clinical and 
radiographic examinations of recruited patients and information from their 
dental records, information on patient demographics, post-treatment pain and 
flare-up and the impact of pain on quality of life, as well as potential clinical 
risk factors for lesion progression was collected and analysed. 
Recruitment of participants was conducted in an initial and a final phase over 
a 33-month period. The common strategy employed in both phases was: 
1. Patients who attended the Dental Clinic were identified through the 
billing system at NUHS. A search strategy was made by records office 
based on the names of endodontists in practice during the period and 
the charge codes for root canal treatment. 
2. A physical search of the identified dental records was made to locate 
root-filled teeth with associated periapical radiolucency at treatment 
and still present at short-term reviews. 
3. Patients so identified were first contacted via an invitation letter sent by 
the Principal Investigator and then up to 3 attempts were made to 
contact the patients for a Review appointment at the Dental Centre. 
4. Two calibrated endodontists (see Figure 3 for the calibration process) 
independently evaluated lesion size and progression. Disagreements 






Patients who received root 
canal treatment in 2004-
2006 (n=1214) 
Patients with pre-treatment 
radiographic lesions that 
had not resolved at short-
term review (n=698) 
No attendance (n=505) 
Not interested, n=271 
Not contactable, n=234 
Invitation to attend review 
appointment at the Dental 
Centre 
Patients attended review 
(n=193) 
Patients did not meet 
inclusion/exclusion criteria 
for persistent AP (n=66) 
Patients recruited (n=127, 185 
persistent AP) 
Persistent AP included in the study 
of pain and flare-up, n=185 
Persistent AP included in the study 
of lesion progression, n=151 
 
Additional recruitment of 
persistent AP without 
treatment records if found 
among patients who fulfilled 
inclusion/exclusion criteria 
(n=34) 
Figure 1. Schematic diagram illustrating initial recruitment of patients with 









Patients who received root 
canal treatment in 2003-
2008 (n>2500) 
Patients with pre-treatment 
radiographic lesions that 
had not resolved at short-
term review (n=985) 
No attendance (n=654) 
Invitation to attend review 
appointment at the Dental 
Centre 
Patients attended review 
(n=331) 
Patients did not meet 
inclusion/exclusion criteria 
for persistent AP (n=149) 
AP healed=139 
Tooth extracted=2 
Tooth cracked but in situ=2 
Non-endodontic lesion=3 







Patients recruited (n=182, 228 
persistent AP) 
Patients with 1 persistent AP = 126 
Patients with 2 persistent AP = 45 
Patients with 3 persistent AP = 8 
Patients with 4 persistent AP = 3 
Figure 2. Schematic diagram illustrating recruitment of the final sample 












Research mentor & 
endodontist (HM) 
independently scored 
lesion sizes at treatment 
and at recruitment. 
 
From the 1st 144 cases recruited, 
34 cases (24%) were selected 
using a random number generator 
(http://stattrek.com/statistics/ra
ndom-number-generator.aspx) to 
study intra-rater reliability on 
lesion progression. 
HM intra-rater agreement: 0.821 
Time period between evaluations: 1 
month 
Principal Investigator & 
endodontist (VY) 
independently recruited 
persistent AP and scored 




1st 20 cases were 





size of diffuse 
lesions over time 
was a major 
difficulty. 
From the 1st 144 cases recruited, 
30 cases (21%) cases were 




study intra-rater reliability on 
lesion progression. 
VY intra-rater agreement: 0.638 






based on the 
1st 144 
cases: 0.716 




The next 3 chapters of this thesis address the following objectives: 
1. To study the risk of symptomatic exacerbations of persistent 
endodontic lesion as well as the impact of exacerbations on the patient’s 
quality of life. 
2. To report the distribution of persistent lesions that have improved, 
remained unchanged or deteriorated when reviewed at least 4 years after 
completion of endodontic treatment. 
3. To identify clinical predictors available to the clinician at the time of 
review that could be used to estimate the risk that a particular persistent 
lesion is likely to deteriorate. 
4. To use the predictors to build a risk assessment model for lesion 




CHAPTER 4 ACUTE EXACERBATION OF PERSISTENT APICAL 
PERIODONTITIS  
In this chapter, the thesis examines the risk of symptomatic exacerbations of 
persistent AP as well as the impact of exacerbations on the patient’s quality of 
life. 
Incidence and impact of painful exacerbations in a cohort with post-
treatment persistent endodontic lesions 
A manuscript published in 
Journal of Endodontics 2012; 38(1): 41-46 
4.1 Abstract 
Introduction: Painful exacerbations of persistent periapical lesions have 
unknown incidence and impact on quality of life. This study examined the 
incidence and impact of painful exacerbations and evaluated potential 
predictive factors of pain associated with root-filled teeth with persistent 
lesions after root canal treatment. Methods: Patients from a university hospital 
clinic were screened to identify root-filled teeth with periapical lesions at time 
of treatment and not resolved at least four years later. A clinical and 
radiographic examination and questionnaire survey were conducted. Patient 
and treatment characteristics and details of pain experience were studied. 
Statistical analysis was carried out using SPSS (Version 18).   Results: 127 
patients with 185 persistent lesions were recruited. Median age of patients at 
recruitment was 56 years (age range: 21-82). Median time since treatment 
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was 5 years (range: 4-38 years). Overall incidence of flare-up (requiring an 
unscheduled dental visit) was only 5.8% 20 years post-treatment.  Less 
severe pain was more frequent, with a combined incidence of 45% pain at 20 
years after treatment. Female patients (OR=2.6, 95% CI: 1.2-6.0, p<0.05), 
treatment involving a mandibular molar or maxillary premolar (OR=3.7, 95% 
CI: 1.6-8.6, p<0.05) and pre-operative pain (OR=2.9, 95% CI: 1.3-6.7, p<0.05) 
were significantly associated with pain after treatment. The most commonly 
affected activities during painful exacerbations were eating and tooth 
brushing, with minimal impact on daily living. Conclusions: The risk of flare-up 
among persistent lesions was very low. A lower degree of pain was more 
common, but generally with minimal impact on daily activities. 
4.2 Introduction 
Pain and loss of function are strong incentives for patients to seek dental care 
(1, 2) because of the adverse impact of oral pain on quality of life (2- 4). A 
vast majority of patients experience relief from pain and restoration of function 
through endodontic treatment (5, 6). Minor transient pain immediately 
following endodontic treatment is frequent but has little impact on quality of life 
(7, 8). Data on painful exacerbations of persistent lesions are lacking and their 
consequences are unknown.  
Inter-appointment flare-up resulting in an unscheduled dental visit is disruptive 
to both the patient and the caregiver. Based on the definition of flare-up by 
Walton et al. (9) as an unscheduled post-instrumentation dental visit that 
requires intervention beyond assurance and prescription of medications (9), 
the incidence of flare-up was reported in two studies to be low (3.2% and 
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0.4%) and was more common in teeth presenting with periapical radiolucency 
(1, 9). However, the reported risk of immediate post-treatment pain at any 
level (with duration of up to one week) ranged from 2.3% to 58% (7, 8, 10). 
The impact of immediate post-treatment pain on daily living was probably low, 
with reports of a substantial drop in prevalence and severity compared to pre-
operative pain (6). 
Without differentiating endodontic from non-endodontic causes for pain, a 
recent systematic review of persistent post-treatment pain suggested that 
5.3% of patients continued to complain of pain at six months and longer 
periods after endodontic intervention (11). Based on consecutive cross-
sectional population studies of chronic apical periodontitis on both root-filled 
and untreated root canals, Eriksen (12) estimated an annual risk of less than 
5% exacerbation. The nature of the exacerbations was not defined but 
appeared to be based on the number of treated, retreated and extracted teeth 
within the studies. Another recent systematic review of diagnosis and 
treatment in endodontics concluded that scientific evidence was lacking 
regarding the risk of pain and swelling and the progression of persistent 
endodontic lesions (13). 
This study aimed to determine the incidence of painful exacerbations 
(including both flare-ups and less severe pain with an impact on daily 
activities) in a cohort of patients identified as having persistent lesions for at 
least four years following root canal therapy (14, 15). Patient and treatment 
factors were studied for correlation with the occurrence of pain.  




This study received approval from the Institutional Review Board of the 
National University of Singapore (NUS IRB Reference Code 10-171). Patient 
records of all root canal treatment performed in National University Hospital 
Singapore (NUHS) clinics from 2004 to 2006 were hand-searched from July 
2010 to February 2011 to identify root-filled teeth with periapical 
radiolucencies present at the time of treatment and not resolved at short-term 
recall (6-12 months). These patients (at least 21 years of age at the time of 
recruitment) were invited to attend a recall visit to determine if a persistent 
lesion was present; and if present for four years or more after obturation, they 
were invited to participate in the study. 
Selection criteria 
A persistent endodontic lesion was independently determined by two 
endodontists (VSHY and HHM) to be present when there was a widened 
periodontal ligament space and discontinuity of the dental lamina dura, or a 
larger area of radiolucency, associated with any root of a root-filled permanent 
tooth (Figure 1) at least 4 years since treatment. In the event of a 
disagreement, consensus was reached by discussion.  
Teeth that received either primary root canal treatment or non-surgical 
retreatment in healthy adult patients (with any medical conditions controlled 
by medications) were included. Teeth diagnosed with primary periodontal 
disease, vertical root fractures or which had received surgical endodontic 




From a computerized database, 1214 patient records were searched and 698 
patients were identified. Letters were sent to invite them to attend a recall 
visit. A maximum of three attempts were made to contact non-respondents by 
telephone. Two hundred and thirty-four patients were not contactable by mail 
or telephone, had left the country or died. An additional 271 declined to attend 
the recall visit.  All remaining 193 patients were examined radiographically. Of 
these, 127 patients with 185 teeth fulfilled the selection criteria and were 
recruited after giving informed consent. The final total of 185 teeth included 34 
teeth with persistent lesions but lacking radiographs taken at the time of 
treatment.  These teeth were identified in patients recalled for a different tooth 
and provided longer follow-up periods of up to 38 years. 
Questionnaire 
An interviewer-assisted questionnaire collected demographic data, medical, 
dental and endodontic treatment history. A detailed pain history since 
treatment (flare-ups and less severe pain episodes with an impact on daily 
activities) was obtained; a 5-point Likert Scale from very mild pain (Score = 1) 
to very severe pain (Score = 5) was used to measure pain severity. In cases 
with more than one pain episode, the most severe pain episode was used to 
study the impact of pain on quality of life. A 2modified Oral Impacts on Daily 
Performances (OIDP) quality of life questionnaire (16) focused on pain impact 
on ten common daily activities: eating and enjoying food, speaking and 
pronouncing clearly, cleaning teeth, performing light activities such as office 
                                                        
2 The ODIP is used in dental clinical research when both frequency and intensity of a 
dental condition are being studied. For the purpose of this research project, ODIP 
questions were modified to refer specifically to endodontic problems. A pilot study 
was performed among dental students and their patients to make sure that the 
questions asked were clearly understood. 
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work and housework, going out, sleeping, relaxing, smiling and laughing, 
maintaining usual emotional state without being irritable and enjoying contact 
with people. The Likert Scale for impact on daily activities ranged from no 
effect (Score = 0) to very severe effect (Score = 5). 
The questionnaire was pilot tested on subjects who were not part of the main 
study and questions that were ambiguous to the interviewer or the interviewee 
were modified.  
Pain categories 
For the purpose of this clinical study, the following pain categories were 
adopted: Flare-up was defined as any post-obturation pain or swelling 
resulting in an unscheduled dental visit (10). All reports of flare-up were 
confirmed from patient records. Less severe pain with impact described a 
painful episode that occurred after a symptom-free post-obturation period that 
was severe enough to have an impact on normal daily activities.  
Clinical and radiographic examination 
Clinical evaluation of the root-filled teeth was performed by an endodontist 
(VSHY). Radiographic evaluation of root-filling material and quality, iatrogenic 
errors, and periapical lesion characteristics and progression since treatment 
were independently performed by two calibrated endodontists (VSHY and 
HHM) under the following conditions: Kodak F-speed periapical dental films 
(Carestream Health Inc®, Rochester NY, USA) were viewed at 2-times 
magnification against a fluorescent X-ray-viewing light box in a darkened 




Analyses were performed using SPSS (version 18). Patients’ demographic 
variables and endodontic treatment factors were analysed descriptively.  
Univariate analyses were carried out to evaluate the effect of patient and 
treatment factors on the incidence of pain after treatment.  The Chi-square 
test or Fisher’s exact test, where applicable, was used for categorical 
predictors. Patients’ age at treatment and at recruitment was compared using 
2 sample t-test, while Mann-Whitney U test was utilized to compare the time 
duration since treatment.  The un-adjusted odds ratios were estimated by 
using logistic regression including each single predictor alone.  Logistic 
regression was carried out to evaluate the potential predictors, which had a p-
value less than 0.1, simultaneously.    Other than the logistic regression for 
simultaneous analysis of potential predictors, all tests were performed as two-
tailed and with the minimum significance level set at p=0.05, and actual p-
values below this level were reported. The Kaplan-Meier technique was 
utilized to estimate the cumulative risks of flare-up and pain among persistent 
lesions. Intra- and inter-examiner reliability in scoring root-filling quality, lesion 
size and lesion progression were evaluated using weighted Cohen’s kappa 
coefficients (17). For intra-examiner reliability in radiographic evaluation, 20% 
of all cases were scored a second time after an interval of two to eight weeks. 
4.4 Results 
Calibration of examiners 
The calibration process yielded weighted Cohen’s kappa scores of 0.716 for 
inter-examiner reliability and 0.638 and 0.821 for intra-examiner reliability. 
Patient and treatment characteristics (Table 1) 
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From the initial sample of 464 patients, 193 (41.6%) responded to the 
invitation to attend the recall clinic. From these patients, 185 teeth in 127 
patients were recruited into the study as meeting the selection criteria. Teeth 
were quite evenly distributed between 61 female and 66 male patients. 
Patients were predominantly of Chinese descent (91.4%). Median age of 
patients at treatment was 47 years (age range: 10-78). Median age of patients 
at recruitment was 56 years (age range: 21-82), with 78.4% reporting regular 
routine dental visits. Median time since endodontic treatment was 5 years 
(range: 4-38 years). 55.7% received treatment from endodontic specialists 
and residents, 32.4% from general practitioners and 9.7% from dental 
students working under supervision.  
All tooth types were represented in the study, and the most common tooth 
was the mandibular molar (29.7%). The teeth were predominantly (97%) 
obturated with gutta percha and root canal sealer. 64.9% of the teeth had 
ideal root filling length in all roots (0-2mm from radiographic apex), 57.9% had 
dense and tapered root fills and 41.6% had both ideal length and density. The 
quality of coronal restorations was rated as adequate in 70% of the teeth 
based on clinical and radiographic criteria. The restorations provided cuspal 
protection for most (83%) posterior teeth. 
Pain categories 
A total of 33 patients with 38 teeth (20.5% of the sample) reported painful 
exacerbations.  
Only 10 cases (5.4% of the sample) experienced flare-up requiring an 
unscheduled dental visit (Figure 2). Six of these flare-up cases also reported 
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multiple episodes of lower intensity pain that had an impact on their daily 
activities but were not severe enough to require an unscheduled dental visit. 
One flare-up occurred one month after treatment, eight occurred between one 
and five years after treatment and for one patient 25 years after treatment. 
Management of the flare-up involved reassurance and medications only, and 
no intervention was carried out. The cumulative risk of flare-up was 3% at 4 
years, 5.8% at 10 and 20 years (Figure 2), although the number of cases 
examined more than 10 years after treatment was low. 
Compared to the experience of a flare-up which had a greater impact on daily 
activities, 23 patients (28 teeth, 15.1% of the sample) reported less severe 
painful episodes that were sufficient to disrupt normal daily activity, but not 
sufficient to warrant an unscheduled dental visit. Considered together, the 
cumulative risk of flare-up and less severe pain with impact was 7% at 4 
years, 30% at 10 years and 45% at 20 years (Figure 2). 
Association of pain categories with patient and treatment factors (Table 
2)  
None of the patient and treatment factors analysed had a significant effect on 
risk of flare-up (p>0.05). 
Eight cases with a history of a flare-up were associated with deteriorating 
radiographic lesions compared with treatment radiographs; one lesion 
demonstrated no change in size (19 years after treatment), and treatment 
radiographs were not available for the last case. In the subgroup of lesions 
associated with less severe pain, 10 (35.7%) were associated with 
deteriorating radiographic lesions, 13 (46.4%) with improved lesions, 1 (3.6%) 
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demonstrated no change in size four years after treatment, while 4 (14.3%) 
did not have available treatment radiographs for evaluation.  
The effect of patient and treatment factors on the incidence of pain, which 
included both flare-up and less severe pain with an impact on daily activities, 
was studied.  Univariate analysis showed that the effects of sex, age at 
recruitment, tooth type and pre-operative pain on the incidence of pain after 
treatment were significant (p = 0.032, p = 0.043. p = 0.001, and p = 0.024 
respectively).  Logistic regression confirmed the following variables: sex, tooth 
type and pre-operative pain (p = 0.021, p = 0.003 and p = 0.011 respectively).   
Female patients were more likely to experience pain after endodontic 
treatment (odds ratio = 2.6, 95% CI: 1.2-5.9, p= 0.021). Persistent lesions 
related to mandibular molars and maxillary premolars were more likely to 
have pain after treatment (odds ratio = 3.7, 95% CI: 1.6-8.6, p= 0.003). The 
experience of pre-operative pain was more likely to lead to painful 
exacerbations after treatment (odds ratio = 2.9, 95% CI: 1.3-6.7, p= 0.011).  
Impact of pain on daily life 
Five cases reported scores of 3 or greater in multiple categories of daily 
activities.  Two reported a mean impact score of 4 (a fairly severe effect), and 
another two reported a mean impact score of 3 (a moderate effect). A fifth 
patient reported scores of 3 or 4 in four of the ten activities. Among this small 
number of pain cases, the most commonly affected activities were eating and 
enjoying food, and cleaning teeth (Figure 3). The remaining 33 cases reported 
a mean impact score of less than 1 (range from “no effect” to “a fairly minor 
effect”), among which, 15 patients reported a moderate or greater effect of 




In this recall study, the data regarding pain experience relied mostly on 
patients’ recollection.  Only flare-ups resulting in an unscheduled dental visit 
could be confirmed from the patient records.   Nonetheless, pain episodes 
were considered to be reliable points of reference for patients’ recollection of 
pain impact on daily activities. Recollection of an acute episode of pain 
intensity was previously found to be more reliable than the recollection of 
chronic pain (18). In the acute pain group, respondents assigned comparable 
average pain scores at the event and at recall a week later, whereas chronic 
pain sufferers tended to assign higher pain scores at recall, although the 
increase was not statistically significant (18). A level of pain experience that 
affected a patient’s mood and routine activities tended to be recollected 
accurately by the patient, in contrast to routine dental procedures that caused 
minor discomfort. This experience of pain and mood change as a point of 
reference was found to be reliable but a negative impact could feel worse at 
recall (19).  
Among the ten cases of flare-up identified in this study, not one had resulted 
in a decision to undertake further endodontic intervention (surgical or 
retreatment). Based on the criteria specified by Walton et al. (9) and Iqbal et 
al. (1), the findings from this study suggested that the risk of a flare-up 
requiring immediate endodontic intervention was extremely rare. Even though 
33 patients complained of one or more episodes of pain associated with 38 
endodontically treated teeth, they continued with normal living and rarely 
sought dental intervention.  The combined pain incidence of 20.5% for flare-
up (defined as a painful episode requiring an unscheduled dental visit) and 
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lesser pain (defined as a painful episode sufficient to disrupt routine daily 
activities) reported in this study was higher than that estimated in a recent 
systematic review of persistent pain from all causes at least six months 
following endodontic intervention (5.3%) (11). The review included 
spontaneous and provoked pain (by biting, palpation and percussion) but did 
not include any estimate of the severity of the persistent pain.  The higher 
incidence in our study can be explained by the inclusion only of cases with 
persistent periapical lesions.  Despite the higher incidence, the impact on 
daily activities was small.    
The nature of painful exacerbation and the cumulative risks for flare-up (5.8% 
at 20 years since treatment) and for all painful episodes with an impact on 
daily living (45% at 20 years since treatment) among persistent lesions 
reported in this study, adds further information to the general estimate 
suggested by Eriksen (less than 5% per year) (12). Flare-up was almost 
always associated with a deteriorating lesion. With a cumulative risk of only 
5.8% over 20 years, flare-up is clearly a rare and unpredictable event in teeth 
with persistent lesions.  
Regarding impact on daily activities, 15 patients reported a moderate or 
greater effect of pain on at least one daily activity. Only five cases 
demonstrated a major impact on multiple activities. At the time of recall, these 
five patients expressed reluctance towards referral for intervention. It would 
appear that while patients were willing to seek dental attention for the painful 
exacerbations of their root-filled teeth, they were not eager to accept further 
treatment. Possible reasons could be cultural factors influencing pain 
tolerance and treatment seeking behaviour (2), the relatively limited 
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disturbance to daily living and the cost of intervention. Further investigations 
would be necessary to determine the motivation behind patients’ decisions 
regarding further intervention.  
Pain experience is personal and subjective. Current pain experienced by 
patients might have an assimilative effect on their recollection of past pain 
experiences (20). In other words, it is possible that the pain encountered 
many years after treatment provoked a recollection of pain before treatment. 
Although it is likely that recollection of an acute episode of pain is reliable (18, 
19), some patients may not accurately recall pain from one particular tooth 
compared to another when they have two root-filled teeth in close proximity to 
each other. In our cohort, a small number (five out of 127) of the patients 
presented with two painful persistent lesions in close proximity. In addition, a 
recall study of this nature could attract patients with symptoms over those who 
were symptom-free.  
The reasons for female patients and particular tooth types (in this report, the 
maxillary premolar and mandibular molar) to be more likely to experience 
painful exacerbations in persistent lesions are unclear.  Although differences 
in pain tolerance and response thresholds among male and female patients 
are possible, available research has not shown significant sex differences in 
endodontic pain and orofacial sensory functions in healthy adults (21, 22). 
Orofacial persistent pain may have neuropathic implications and the findings 
of this study may be consistent with the suggestion that women over 30 years 
old with pain in the posterior teeth or alveolar arch were more likely to be 
associated with chronic orofacial pain (23). However, the mandibular molar 
(29.7%) and the maxillary premolar (21.1%) were the most common tooth 
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types represented in this cohort of 185 teeth. Future longitudinal prospective 
studies based on a larger sample size are needed to study these potential 
factors on pain among persistent endodontic lesions. 
In conclusion, the results of this study of persistent lesions supported the 
observation that a very high proportion (91-97%) of teeth with apical 
periodontitis remained functional after endodontic treatment (5, 24). In an era 
of patient-driven or shared decision making, the low risk of exacerbation with 
its minor impact on daily activities may contribute to patients’ reluctance to 




4.6 Tables and Figures 
Table 1: Patient and treatment characteristics 
 
Factor 
  n % Mean (SD) 
Median (min-
max) 
Gender      
 Male 66 52.0   
 Female 61 48.0   
 Total (patients) 127 100.0   
Age at treatment   46.3 (13.0) 47 (10-78) 
Age at recruitment   54.3 (12.0) 56 (21-82) 
Time since treatment   8.0 (6.5) 5 (4-38) 
Pre-operative pain     
 Present 51 27.6   
 Absent 134 72.4   
 Total (teeth) 185 100.0   
Dentist type      
 Endodontist 103 56.9   
 Family dentist 60 33.2   
 Dental student 18 9.9   
 Total (teeth) 181 100.0   
Tooth type      
 Maxillary anterior 32 17.3   
Mandibular anterior 14 7.6   
Maxillary premolar 39 21.1   
Mandibular premolar 15 8.1   
 Maxillary molar 30 16.2   
 Mandibular molar 55 29.7   
 Total (teeth) 185 100.0   
Root-filling  material     
 Gutta percha 180 97.8   
 Silver point 3 1.6   
 Paste 1 0.6   
 Total (teeth) 184 100.0   
Length of root-fill     
Adequate (0-2mm) 120 64.9   
 Short (>2mm) 46 24.9   
 Beyond apex 15 8.1   
 Extensive overfill 4 2.1   
 Total (teeth) 185 100.0   
Density of root-fill     
Dense and tapered 107 57.8   
 Voids present 34 18.4   
 Poorly condensed 44 23.8   
 Total (teeth) 185 100.0   
Quality of coronal restoration     
 Adequate 129 69.7   
Marginal deficiency present 56 30.3   




Table 2: Analysis of associations between selected factors and flare-up plus 
less severe pain with impact 








Sex   0.032  0.021  
   Male: n (%) 13(14.1) 79(85.9)  1  1 
   Female: n (%) 25(26.9) 67(73.1)  
2.23(1.06 – 
4.70)  2.62(1.16-5.94) 
        
Age at treatment: mean(SD) 43.4(12.7) 47.0(13.0) 0.124 
0.98(0.95 – 
1.01)   
        
Age at recruitment: mean(SD) 50.8(12.4) 55.2(11.8) 0.043 
0.97(0.94 – 
0.99) 0.065 0.97(0.94-1.00) 
        
Time since treatment: median (min 
– max) 5(4-29) 5(4-38) 0.337 
0.98(0.92 – 
1.04)   
        
Pre-operative pain   0.024  0.011  
   Present: n (%) 16(31.4) 35(68.6)  
2.33(1.10 – 
4.92)  2.91(1.28-6.65) 
   Absent: n (%) 22(16.4) 112(83.6)  1  1 
        
Dentist type   0.377    
   Endodontist: n (%) 18(17.5) 85(82.5)  1   
   Family dentist: n (%) 16(26.7) 44(73.3)  
1.72(0.80 – 
3.69)   
   Student: n (%) 4(22.2) 14(77.8)  
1.35(0.40 – 
4.58)   
        
Tooth type   0.001  0.003  
   Mx pm & Mn m: n (%) 29(30.2) 67(69.8)  
3.85(1.70 – 
8.69)  3.68(1.58-8.59) 
   Others: n (%) 9(10.1) 80(89.9)  1  1 
        
Root-filling material   0.587 *   
 GP: n (%) 38(21.1) 142(78.9)     
 Ag point: n (%) 0(0) 3(100)     
 Paste: n (%) 0(0) 1(100)     
        
Length of root-fill   0.733    
 Adequate: n (%) 26(21.7) 94(78.3)  1   
 Short: n (%) 7(15.2) 39(84.8)  1.54(0.62-3.85)   
 Beyond apex: n (%) 4(26.7) 11(73.3)  0.76(0.22-2.59)   
Extensive overfill: n (%) 1(25.0) 3(75.0)  0.83(0.08-8.31)   
        
Density of root-fill   0.626    
 Dense and tapered: n (%) 21(19.6) 86(80.4)  1   
 Voids present: n (%) 9(26.5) 25(73.5)  0.68(0.28-1.67)   
 Poorly condensed: n (%) 8(18.2) 36(81.8)  1.10(0.45-2.71)   
       
Quality of coronal restoration   0.842    
 Adequate: n (%) 27(20.9) 102(79.1)  1   
Marginal deficiency present: n (%) 
 
45(80.4)  1.08(0.49-2.37)   
Mx pm: maxillary premolar teeth 
Mn m: mandibular molar teeth 
Bold typeface highlights statistical significance (p<0.05). 












Figure 1: Examples of the 4 categories of lesion size scored at recruitment. 
Except for a widened periodontal ligament space (1- 1.9mm), all lesions were 












Figure 2: Kaplan-Meier analysis: the cumulative risks of a flare-up or less 
severe pain with an impact on daily activities over time since treatment in 
teeth with persistent lesions. “Pain” includes both flare-up and lesser pain. + = 
censored data.  The number of teeth evaluated more than 20 years after 
















Figure 3: The distribution (%) of responses to each of the oral impact on daily 
activities among 38 patients3 reporting painful exacerbations. A large 
proportion of the responses were in the “no effect” and “very minor effect” 
categories. None of the responses scored “a very severe effect” to any of the 
activities and is therefore not represented in the figure. 
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CHAPTER 5 PROGRESSION OF APICAL PERIODONTITIS 
In this chapter, the thesis reports the distribution of persistent lesions that 
have improved, remained unchanged or deteriorated when reviewed more 
than 4 years after completion of endodontic treatment. Results show that a 
majority of persistent lesions represents healing lesions. Potential predictors 
for a deteriorating lesion are identified. A shortcoming of this report is the lack 
of consideration for clustering of multiple persistent lesions in individual 
patients. This is rectified in the subsequent report in Chapter 6 when the full 
sample is used to model predictors for deteriorating lesions, taking into 
account this effect of clustering. 
Lesion progression in post-treatment persistent endodontic lesions 
A manuscript published in 
Journal of Endodontics 2012; 38(10): 1316-1321 
5.1 Abstract 
Introduction: Radiographic lesions related to root-filled teeth may persist for 
long periods after treatment, and are considered to indicate failure of initial 
treatment.  Persistent lesions are found in a proportion of cases, but 
information on lesion progression is lacking. This study examined the 
incidence of lesion improvement, remaining unchanged and deterioration 
among persistent lesions in a group of patients recruited from a university-
based clinic, and identified potential predictors for lesion progression. 
Methods: Patients of a university clinic with persistent endodontic lesions at 
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least 4 years since treatment and with original treatment radiographs available 
were recruited with informed consent. Data were obtained by interview and 
from dental records, clinical and radiographic examinations. Univariate and 
multivariate statistical analyses were carried out using SPSS (version 19).  
Results:  151 persistent lesions were identified in 114 patients. A majority 
(107, 70.9%) of the lesions received treatment between 4 and 5 years prior. 
Eighty-six (57.0%) lesions improved, 18 (11.9%) remained unchanged and 47 
(31.1%) deteriorated since treatment. Potential predictors for lesions that did 
not improve included recall lesion size, pain on biting at recall examination, 
history of a post-obturation flare-up and a non-ideal root-filling length 
(p<0.05). Lesions that had persisted for a longer period appeared less likely to 
be improving (RR 1.038, 95% C.I. 1.000-1.077). Conclusions: A specific time 
interval alone should not be used to conclude that a lesion will not resolve 
without intervention. This study identified several clinical factors that are 
associated with deteriorating persistent lesions, which should aid in identifying 
lesions that require further intervention.   
5.2 Introduction 
Endodontic lesions are expected to respond to treatment in one of three ways: 
to heal, to remain unchanged or to deteriorate.  Healing, as manifested 
radiographically, takes time. Current practice guidelines suggest that a 
periapical lesion associated with a root-filled tooth for a period longer than 
four years is unlikely to heal, and further treatment is recommended to 
facilitate healing (1).   It is estimated that approximately 20% of teeth with 
preoperative periapical radiolucencies show persistent lesions following root 
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canal treatment (2).  Several cross-sectional studies have indicated an even 
higher prevalence of root-filled teeth with associated periapical radiolucency 
(3, 4, 5).   
There is little information, however, on whether these lesions were in a state 
of healing or deterioration. A study of 126 endodontically treated roots with 
preoperative periapical lesions showed that 75.4% of the lesions had healed 
over a 4-year evaluation period, with an additional 12.7% demonstrating 
“definite but incomplete healing” (6).  Longitudinal cohort studies which 
tracked lesion progression over many years (albeit based on small sample 
sizes) suggested that complete resolution of a periapical radiolucency may 
occur even after prolonged periods; 10 to 20+ years after treatment (7, 8).   
Hence, a considerable proportion of persistent lesions may in fact have 
become reduced in size since treatment, and be regarded as having favorable 
outcomes despite the incomplete healing (9). 
Most persistent lesions remain asymptomatic (10, 11, 12), leading Friedman 
to introduce the concept of “asymptomatic function” (9). In addition to the 
groups “healed”, “healing” and “non-healed”, the American Association of 
Endodontists (AAE) has added the group “functional” to endodontic treatment 
outcomes (13). The concept of “asymptomatic function” or “functional” as a 
defined treatment outcome has implications for retreatment decision-making. 
The assumption that all persistent radiographic lesions represent persistent 
inflammatory lesions (14) or “persistent disease” requiring intervention (1, 6) 
suggests that the lesions could pose a health risk to patients (15). There is 
little evidence to support this.  Nevertheless, it raises the question of whether 
every lesion persisting for more than four years needs to be retreated. 
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The aim of the study was to observe the radiographic and clinical progression 
of post endodontic persistent lesions and potential risk factors for lesions that 
did not improve.   
5.3 Materials and Methods 
Case selection 
The sample for this study was described in detail in a previous paper (12) and 
is summarized here.  Dental records of 1,214 patients who attended a 
university-based dental centre during 2004-6 were hand-searched in 2010-
2011 to identify potential persistent endodontic lesions.  All patients with a 
preoperative periapical radiolucency that had not resolved on short-term recall 
(between 6 months and 4 years) (698 cases) were asked to attend the clinic 
for further evaluation. The participants were recruited after informed consent 
had been received, following a recruitment protocol and selection criteria 
previously approved by the institutional ethics committee (12).  Additional 
teeth identified at the recall examination were also included in the study if the 
original treatment radiographs were available. 
A persistent periapical lesion was diagnosed based on a periapical radiograph 
taken at the time of recruitment, and independently assessed by two 
endodontists.  A widened PDL space with discontinuity of the lamina dura or a 
larger radiolucency associated with any root of a root-filled tooth at least four 
years following treatment was considered a persistent lesion. 
Subjects at least 21 years of age who were healthy or had controlled medical 
conditions, and who satisfied the following inclusion and exclusion criteria 
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were included: Primary or secondary (non-surgical) endodontic treatment had 
been performed, with periapical radiographs clearly showing the 
characteristics of the endodontic lesion prior to intervention.  Cases without 
good quality treatment radiographs, and teeth with periodontal disease, 
vertical root fracture, or a history of traumatic luxation injuries or surgical 
endodontic procedures were excluded.  The final cohort consisted of 114 
subjects with 151 teeth with lesions still present 4-21 years after treatment.   
History and clinical examination 
The recruited participants were surveyed on the pain history of their root-filled 
teeth and as far as possible all information was verified from their dental 
records. The clinical examination of the root-filled teeth included current pain 
complaint, percussion and palpation pain, biting pain, as well as soft tissue 
signs and symptoms of swelling and sinus tracts. Symptoms were recorded 
as “present” when patients reported mild to very severe pain. Clinical signs 
were scored as “present” or “absent”. The quality of the coronal restorations 
was evaluated both clinically and radiographically and was scored as 
“adequate” or “deficient” (16, 17). 
Radiographic assessment 
Hospital radiographers who were trained in the long-cone technique took 
recall radiographs using a long-cone positioning device (Dentsply Rinn XCP®, 
Elgin, IL) holding Kodak F-speed dental films (Carestream Health Inc, 
Rochester, NY). Exposed films were processed immediately in the XR 24 
Pro® (Dürr Dental AG, Bietigheim-Bissingen, Germany). 
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Radiographic characteristics of each root filling (length and homogeneity), 
restoration (marginal integrity), iatrogenic errors (perforation, instrument 
separation and a gap between a post and root filling) and periapical lesion 
(size, shape, border and change in size over time) were independently 
evaluated by 2 calibrated endodontists (V.S.H.Y. and H.H.M.), using 2x 
magnification against a fluorescent x-ray viewing box in a darkened room.  
Lesion size was determined using a transparent plastic ruler and recorded to 
the nearest mm in the greatest dimension (see below). In the event of a 
disagreement, consensus was reached by discussion.  
Lesion size was recorded for size at the time of treatment and again at long-
term recall (4+ years) according to four categories: a) 1-1.9mm, the smallest 
lesions presenting as widened periodontal ligament spaces measured from 
the radiographic apex, b) diameters 2-4.9mm, c) 5-9.9mm and d) lesions with 
diameters greater than 10mm. Change in lesion size was scored using all 
available radiographs taken at the time of treatment for comparison with the 
radiograph(s) taken at recruitment (i.e. at least 4 years later). Lesion size was 
measured only to an accuracy of 1mm; therefore it was possible for a lesion to 
have increased or decreased in size and still remained within the same size 
category.  
Lesion shape was categorized as: a) widened periodontal ligament space, b) 
oval or round or c) irregular. Lesion border was categorized as: a) diffuse or b) 
well-circumscribed, where the latter consisted of lesions with a distinct 




Time since treatment was defined as the time (in whole years) between 
endodontic treatment and the time at which the patient was recruited into the 
study, at least 4 years following treatment.  Lesion progression was defined 
as the change in lesion size in the interval from treatment to time of 
recruitment into the study. 
Data were analyzed with respect to lesion progression according to three 
categories (improved, unchanged and deteriorated) and according to two 
categories (improved vs. unchanged plus deteriorated).  The latter 
comparison was based on the clinical logic that lesions showing no change in 
size or an increase in size since treatment together represented persistent 
disease, which would require intervention. In the binary outcome analysis, the 
categories “unchanged” and “deteriorated” were grouped together for 
comparison with the “improved” category. 
Analyses were carried out using SPSS version 19 (IBM SPSS Statistics, NY). 
Initial analyses of patient factors, treatment characteristics, pain history 
variables, and lesion size both at treatment and at recruitment, were carried 
out using Mann-Whitney U test for continuous predictors, and Chi-square test 
or Fisher’s exact test, where applicable, for categorical predictors.  Variables 
with p <0.1 were selected for multivariate analysis.  
Due to the low incidence of flare-ups and relatively small sample size, only 
multivariate analysis on the binary outcome was conducted. In addition, recall 
lesion size rather than pre-operative lesion size was selected to study its 
association with lesion progression since it is the recall lesion size that is 




Backward Poisson regression with robust estimator for covariance matrix was 
used to evaluate the effects of the potential predictors on lesions that had 
improved vs. those that had not. Tests for significance were set at α=0.05.  
5.4 Results 
Demographic data 
One hundred and fifty-one persistent lesions in 114 recruited participants 
were included in the study (Table 1). The numbers were evenly distributed 
between males (50.3%) and females (49.7%), with a median age at treatment 
of 55 years (range 21-82 years).  The subjects were predominantly from the 
Chinese ethnic group (90.7%) and the most represented tooth type was the 
mandibular molar (34.4%). Almost half (45.2%) of the subjects received 
endodontic treatment on the advice of their dentist (without further 
explanation) and a further 40% for a “decayed tooth”. The remainder received 
treatment due to “broken or lost filling” or non-luxative trauma. 8 patients were 
unable to recall the reason for treatment and no information was available 
from dental records. A majority (71%) of the lesions had received treatment 
between 4 and 5 years prior to recruitment, 23% between 6 and 10 years and 
6% (9 cases) were treated more than 10 years previously. Endodontic 
specialists and residents provided treatment for 64.7% of the teeth. 24% of 
the cases were treated by general dentists and 11.3% by dental students 
working under supervision. 
Lesion progression since treatment 
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Of the 151 lesions evaluated in the study, a majority (86, 57.0%) showed 
improvement, 18 (11.9%) remained unchanged since treatment and 47 
(31.1%) had increased in size (Table 1). Up to 10 years post-treatment, a 
majority of lesions had decreased in size. Only lesions persisting beyond 10 
years were more likely to be deteriorating. 
Lesion progression in relation to patient and clinical characteristics 
Of the variables examined (Table 1), lesion progression was not substantially 
influenced by age at treatment or at recruitment, sex, controlled medical 
conditions, tooth type, palpation and percussion pain, swelling or quality of 
coronal restoration. Increasing time since treatment, a history of post-
obturation flare-up, reported pain and biting pain at recruitment and presence 
of a sinus tract showed a trend towards lesion deterioration (p <0.05). Only 9 
cases (6.0%) had experienced a post-obturation flare-up since treatment 
(specifically resulting in an unscheduled dental visit, as verified from dental 
records). Eight (88.9%) of these lesions had deteriorated over the observation 
period and one remained unchanged. Nine cases reported pain present at 
recall, 6 were found in cases that had deteriorated (66.7%). Positive biting 
pain during clinical examination was reported in 11 cases, of which 8 cases 
(72.7%) had deteriorated. Only 9 cases presented with a sinus tract in this 
sample, of which 7 (77.8%) had deteriorated lesions and 2 (22.2%) had 
improved lesions.  
Lesion progression in relation to radiographic characteristics: 
Root filling quality: An ideal root-filling length (flush to 2mm from radiographic 
apex) was found in 78.2% of the sample, with adequate density in 86.1% and 
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adequate coronal restoration in 74.2%.  Iatrogenic errors (presence of a gap 
between an intra-canal post and gutta-percha being the most frequent, with 
15 cases; 5 cases of instrument separation; and 3 cases of perforation) were 
identified in 15.3% of cases.  Among these variables, only root-filling length 
showed a significant association with lesion progression, p = 0.007 (Table 1). 
Pre-treatment lesion size: Small lesions at the time of treatment (appearing as 
widened periodontal ligament space of ≤1.9 mm) most commonly showed 
deterioration (55.3%) or remained unchanged (25.5%) over the observation 
period. A substantial majority of larger lesions (2 mm diameter and greater) 
had reduced in size since treatment (Table 1).  
Recruitment lesion size: The trend in lesion progression was reversed, with a 
majority of smaller lesions (<5 mm diameter on the final recall radiograph) 
reduced in size over the observation period while the larger lesions (≥ 5 mm 
diameter) mostly reflected an increase in size over time.  
Association of variables with lesion progression  
Univariate analysis: Association with the ordinal outcome of improved vs. 
unchanged vs. deteriorated lesions showed time since treatment, history of 
flare-up, pain present at recall, biting pain, sinus tract, root-filling length and 
pre-operative lesion size & recall lesion size to be significantly associated with 
outcome (p=0.018, p<0.0005, p=0.043, p=0.008, p=0.012, p=0.007, p<0.0005 
and p<0.0005 respectively) (Table 1). 
Association with the binary outcome of improved vs. unchanged plus 
deteriorated lesions showed time since treatment, history of flare up, biting 
pain, sinus tract, root-filling length, pre-operative lesion size & recall lesion 
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size to be significantly associated with outcome (p=0.031, p<0.0005, p=0.007, 
p=0.039, p=0.057, p<0.0005 and p<0.0005 respectively) (Table 2). 
Multivariate analysis: Poisson regression with backward selection confirmed 
that time since treatment, flare up experience, biting pain, root-filling length 
and recall lesion size were significantly associated with lesions not having 
improved (Table 2).  Recall lesion size greater than 5mm in diameter posed 
the highest relative risk at 2.9 times (95% C.I. 1.9 – 4.6, p<0.0005) compared 
with lesions less than 2mm in size. The presence of biting pain at recall 
indicated a 1.8 times increase (95% C. I. 1.2 – 2.6, p=0.002) in the risk of 
lesions not improving. A history of a flare-up any time after obturation 
increased the risk of lesions not improving by 1.5 times (95% C.I. 1.1 -2.0, 
p=0.014). A root filling without an ideal working length was 1.4 times more 
likely (95% C.I. 1.0 – 2.0, p=0.046) to be associated with a lesion that did not 
improve over time.  The longer the time since treatment, the more likely a 
lesion was not improving (RR 1.038, 95% C.I. 1.000 – 1.077, p=0.050). 
5.5 Discussion 
A large majority of endodontic lesions are expected to heal completely within 
four years of treatment, and lesions persisting beyond that time are widely 
regarded as evidence of “persistent disease” (1, 6).  For example, the 
Guidelines of the European Society of Endodontology state that any lesion 
that has remained the same size or only reduced in size over a 4-year post-
treatment period is considered “an unfavourable outcome” (1) and further 
intervention should be recommended. Clearly, healing can continue beyond 
the 4-year assessment period and has been reported to occur up to 10 and 
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20+ years after treatment without further intervention (7, 8). This study was 
undertaken to investigate the status of lesions persisting for at least four years 
after treatment, to determine the changes in lesion size since treatment and to 
identify factors associated with improvement or deterioration.  The low 
frequency of flare-up and pain affecting normal daily activities in the same 
cohort of patients has been previously reported (12). 
The study sample consisted of cases treated up to 21 years previously, 
although a substantial majority (94%) had received treatment within the 
previous 10 years.  A large majority had been asymptomatic since treatment 
(12). Treatment was provided predominantly by specialists and residents, and 
dental students working under the supervision of endodontists, with high 
technical standards and similar clinical techniques; a majority of canals were 
prepared with a taper to receive compacted gutta-percha root-filling material, 
under rubber dam isolation. Participants in this study were predominantly of 
Chinese descent, which is representative of the care-seeking behaviour of the 
general population of Singapore (18, 19). Results from this study have good 
external validity in similar contexts. 
Scoring lesion size and interpreting changes in lesion size since treatment 
were crucial to the study. The challenge of interpreting and comparing 
radiographic lesion size captured at different times was overcome by studying 
all available treatment radiographs from each case at the same time.  
Measurement errors and bias were further reduced by using a long-cone 
positioning device at recall, assigning lesion size categories instead of 
recording lesion sizes as continuous data, and having two calibrated 
endodontists evaluating each case independently under similar conditions. 
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The calibration process and the high level of agreement were reported 
previously (12). 
Radiographic lesions were described by a break in continuity of the lamina 
dura and widened periodontal ligamental spaces or radiolucent areas. The 
PAI scoring system (6), which was based on a set of reference radiographic 
appearances reflecting actual histological status, was considered but not used 
in this study. The focus of this study was lesion change over time; therefore it 
was more appropriate to compare the size of lesions on treatment and recall 
radiographs. 
The opposing trends of lesion progression with respect to treatment lesion 
size and recall lesion size are compatible. Larger lesions at the time of 
treatment tended towards improvement over time, while smaller lesions that 
had improved since treatment would be more likely to heal completely and 
hence be excluded from the study.  Larger lesions at recall were more likely to 
be associated with deterioration, although the number of lesions larger than 
5mm at recall was fairly small (32 out of 151 teeth). The finding that larger 
lesions at the time of treatment tended towards improvement over time 
supported the favourable outcome of non-surgical endodontic therapy (2) and 
provided further evidence that a cut-off time should not be imposed on 
healing. In addition, recall lesion size could be a useful factor for consideration 
when contemplating intervention of persistent endodontic lesions, especially 
when pre-treatment records are unavailable.  
Univariate analysis did not indicate any correlation between lesion 
progression with shape and border but it could be observed that the shape 
and border of an endodontic lesion could change as lesions progressed. 
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Bearing in mind that radiographic appearance has its limitations in differential 
diagnosis of periapical lesions (20), and the smaller number of persistent 
lesions larger than 5mm identified in this study, more data are needed before 
any conclusive remarks can be made. 
Numerous cross-sectional population studies have shown an association 
between root-fillings of inadequate quality with radiographic lesions (21, 22, 
23). A recent systematic review reported that root-fillings with adequate lateral 
seal and length increased the odds for healing of apical periodontitis by 2.7 
times (95% C.I. 2.61-2.88, p< 0.001) (24). Previous reports suggested that 
delayed healing could be due to extension of root-filling material beyond the 
apex (8, 25). In this study, only 2 cases had extensively overfilled canals 
where both gutta percha and sealer had extended beyond the confines of the 
radiographic apex, and both showed improvement over time. Root-filling 
lengths that were more than 2mm short of the apex were likely to be 
associated with deteriorating lesions. However, it is interesting to note that 
across categories of root-filling length, most lesions were smaller than at 
treatment (Table 1).  
One minor finding of this study was that 15% of the 114 patients contributed 
more than one tooth with a persistent lesion. The technical standards of 
treatment demonstrated in these patients were not different from patients who 
contributed only one tooth each. Although there was some evidence that 
healing of apical periodontitis could be modified by individual genetic 
predisposition such that technical standards of treatment alone could not 
account for the failure to heal (26, 27), further understanding of the role 
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played by genetic factors is needed before conclusive remarks can be made 
for clinical application. 
No particular time interval since treatment emerged as a definite indicator of a 
deteriorating lesion, lending support to earlier findings (7, 8). Although a 
history of a flare-up and on-going symptoms such as pain on biting and 
presence of a sinus tract were strongly associated with deteriorating lesions, 
they occurred infrequently and the large majority of cases had been 
asymptomatic since the original treatment.  Thus, root-filled teeth with 
periapical lesions that have not completely resolved at subsequent 
radiographic examination could remain in a state of “asymptomatic function” 
(9, 28).  
Clinically, endodontists and their patients must often make retreatment 
decisions without the benefit of access to radiographs taken at the time of 
treatment.  The basis for a decision to re-treat is restricted to evidence from 
the current radiographs, clinical signs and symptoms and patients’ informed 
consent (29).  In view of the finding that a majority of persistent lesions have 
reduced in size since treatment and are asymptomatic, this raises an 
important question:  To what extent is it possible to judge purely from current 
lesion characteristics (radiographic plus clinical data) whether the lesion is 
healing or deteriorating?  The data from this study suggest that a lesion 
greater than 5 mm diameter and present for more than 10 years since 
treatment is likely to be deteriorating. Also, the presence of clinical signs such 
as biting pain or a sinus tract and/or a history of post-obturation flare-up 
strongly indicate a deteriorating lesion. More data are needed before a 
definitive answer can be provided. 
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In conclusion, a specific interval alone should not be used to conclude that a 
lesion will not resolve without intervention. Available data suggest that 
asymptomatic lesions should be monitored further, especially if the lesion has 




Table 1: Effects of patient and treatment variables on lesion progression expressed as an ordinal outcome 
Variables   Improved No change Deteriorated Total Univariate analysis:  




Age at Recruitment       0.498
1 
 21 -45 years  22 (71.0) 2 (6.5) 7 (22.6) 31 (20.5)  
 46 - 65 years  49 (50.0) 13 (13.3) 36 (36.7) 98 (64.9)  
 66 years and older  15 (68.2) 3 (13.6) 4 (18.2) 22 (14.6)  
Age at Treatment       0.912
1 
 45 years and younger 37 (61.7) 5 (8.3) 18 (30.0) 60 (39.7)  
 46 - 65 years  41 (52.6) 11 (14.1) 26 (33.3) 78 (51.7)  
 66 years and older  8 (61.5) 2 (15.4) 3 (23.2) 13 (8.6)  
Sex        0.328 
 Male   42 (55.3) 12 (15.8) 22 (28.9) 76 (50.3)  
 Female   44 (58.7) 6 (8.0) 25 (33.3) 75 (49.7)  
Medical conditions       0.228 
 Present and controlled 53 (58.2) 11 (12.1) 27 (29.7) 91 (60.3)  
 Absent   33 (55.0) 7 (11.7) 20 (33.3) 60 (39.7)  
Tooth Type       0.118
2
 
 Max. anteriors  16 (76.2) 2 (9.5) 3 (14.3) 21 (13.9)  
 Max. premolars  18 (58.1) 3 (9.7) 10 (32.3) 31 (20.5)  
 Max. molars  12 (52.2) 5 (21.7) 6 (26.1) 23 (15.2)  
 Mand. anteriors  7 (77.8) 0 (0) 2 (22.2) 9 (6.0)  
 Mand. premolars  8 (53.3) 4 (26.7) 3 (20.0) 15 (9.9)  
 Mand. molars  25 (48.8) 4 (7.7) 23 (44.2) 52 (34.4)  
Time since treatment
 
     0.018
1 
 4-5 years   65 (60.7) 13 (12.1) 29 (27.1) 107 (70.9)  
 6-10 years  19 (54.3) 4 (11.4) 12 (34.3) 35 (23.2)  
 11-15 years  2 (33.3) 0 (0) 4 (66.7) 6 (4.0)  
 16-20 years  0 (0) 1 (50.0) 1 (50.0) 2 (1.3)  
 21 years and longer  0 (0) 0 (0) 1 (100) 1 (0.7)  
Pre-operative pain      0.132 
 Present   24 (55.8) 2 (4.7) 17 (39.5) 43 (28.5)  
 Absent   62 (57.4) 16 (14.8) 30 (27.8) 108 (71.5)  
Hx of Flare-Up       <0.0005 
 Yes   0 (0) 1 (11.1) 8 (88.9) 9 (6.0)  
 No   86 (60.6) 17 (12.0) 39 (27.5) 142 (94.0)  
Pain present at recruitment      0.043 
 Yes   2 (22.2) 1 (11.1) 6 (66.7) 9 (6.0)  
 No   84 (59.2) 17 (12.0) 41 (28.9) 142 (94.0)  
Palpation pain       0.339
2 
 Present   4 (36.4) 2 (18.2) 5 (45.5) 11 (7.3)  
 Absent   82 (58.6) 16 (11.4) 42 (30.0) 140 (92.7)  
Percussion pain       0.093 
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 Present   10 (41.7) 2 (8.3) 12 (50.0) 24 (15.9)  
 Absent   76 (59.8) 16 (12.6) 35 (27.6) 127 (84.1)  
Biting pain       0.008 
 Present   2 (18.2) 1 (9.1) 8 (72.7) 11 (7.5)  
 Absent   82 (60.3) 16 (11.8) 38 (27.9) 136 (92.5)  
Swelling        0.136
2 
 Present   4 (40.0) 0 (0) 6 (60.0) 10 (6.6)  
 Absent   82 (58.2) 18 (12.8) 41 (29.1) 141 (93.4)  
Sinus tract       0.012 
 Present   2 (22.2) 0 (0) 7 (77.8) 9 (6.0)  
 Absent   84 (59.2) 18 (12.7) 40 (28.2) 142 (94.0)  
Root-filling length
3 
      0.007 
 Ideal    72 (61.0) 9 (7.6) 37 (31.4) 118 (78.2)  
 > 2mm short of apex 12 (38.7) 9 (29.0) 10 (32.3) 31 (20.5)  
 Extensive overfill 2 (100) 0 (0) 0 (0) 2 (1.3)  
Root-filling density       0.316
2 
 Adequate  77 (59.2) 15 (11.5) 38 (29.2) 130 (86.1)  
 Poorly condensed  9 (42.9) 3 (14.3) 9 (42.9) 21 (13.9)  
Iatrogenic error       0.629 
 Present   11 (47.8) 3 (13.0) 9 (39.1) 23 (15.3)  
 Absent   74 (58.3) 15 (11.8) 38 (29.9) 127 (84.7)  
Coronal restoration quality       0.110 
 Adequate  61 (54.5) 17 (15.2) 34 (30.4) 112 (74.2)  
 Deficient margins  25 (64.1) 1 (2.6) 13 (33.3) 39 (25.8)  
Pre-treatment lesion size       <0.0005 
 ≤ 1.9   9 (19.1) 12 (25.5) 26 (55.3) 47 (31.1)  
 2-4.9   31 (62.0) 4 (8.0) 15 (30.0) 50 (33.1)  
 5-9.9 & ≥10   46 (85.2) 2 (3.7) 6 (11.1) 54 (35.8)  
Recruitment lesion size       <0.0005 
 ≤ 1.9   60 (75.9) 12 (15.2) 7 (8.9) 79 (52.3)  
 2-4.9   21 (52.5) 4 (10.0) 15 (37.5) 40 (26.5)  
 5-9.9 & ≥10   5 (15.6) 2 (6.3) 25 (78.1) 32 (21.2)  
         
1Recorded and analyzed as continuous data; Mann-Whitney U Test was used 
2Fisher’s Exact test was used 





Table 2: Multivariate analysis of effects of potential predictors on lesion progression as a binary 
outcome 
Predictors N (%)*  




Crude RR (95% 
C.I.) p-value 
Adjusted RR (95% 
C.I.) p-value 




  0.050 
 Mean (SD) 5.42(2.055) 6.57(3.592) 
1.064 (1.029 – 
1.100)  1.038 (1.000 – 1.077)  
 
Median (min – 
max) 5 (4 – 15) 5 (4 – 21)     
Hx of Flare-Up    <0.0005  0.014 
 Yes 0 (0) 9 (100) 
2.533 (2.066 – 
3.106)  1.451 (1.078 – 1.953)  
 No 86 (60.6) 56 (39.4) 1  1  
Biting pain    0.007  0.002 
 Present 2 (18.2) 9 (81.8) 
2.062 (1.456 – 
2.915)  1.786 (1.226 – 2.601)  
 Absent 82 (60.3) 54 (39.7) 1  1  
Sinus tract    0.039   
 Present 2 (22.2) 7 (77.8) 
1.905 (1.274 – 
2.841)    
 Absent 84 (59.2) 58 (40.9) 1    
Root-filling length    0.057  0.046 
 Ideal  72 (61.0) 46 (39.0) 1  1  
 
Too long or too 
short 14 (42.4) 19 (57.6) 
1.477 (1.020 – 
2.138)  1.428 (1.007 – 2.028)  
Pre-treatment lesion 
size    <0.0005  N.A. 
 ≤ 1.9 9 (19.1) 38 (80.8) 1    
 2-4.9 31 (62.0) 19 (38.0) 
0.470 (0.321 – 
0.688)    
 5-9.9 & ≥10 46 (85.2) 8 (14.8) 
0.183 (0.095 – 
0.353)    
Recruitment lesion size    <0.0005  <0.0005 
 ≤ 1.9 60 (75.9) 19 (24.1) 1  1  
 2-4.9 21 (52.5) 19 (47.5) 
1.976 (1.186 – 
3.289)  1.874 (1.139 – 3.084) 0.013 
 5-9.9 & ≥10 5 (15.6) 27 (84.4) 
3.509 (2.304 – 
5.348)  2.929(1.865 – 4.602) <0.0005 
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CHAPTER 6 REGRESSION MODELS AND RISK SCORE ALGORITHM 
In this chapter, the thesis identifies clinical predictors available to the clinician 
at the time of review that could be used to estimate the risk that a particular 
persistent lesion is likely to deteriorate. The predictors are used to build a risk 
assessment model for lesion deterioration. By examining for the presence or 
absence of these predictors, the clinician could provide evidence-based 
recommendations for treatment. 
Risk Score Algorithm for Treatment of Persistent Apical Periodontitis 
A manuscript published in 
Journal of Dental Research 2014; 93(11): 1076-82 
6.1 Abstract 
Persistent apical periodontitis related to a non-vital tooth that does not resolve 
following root canal treatment may be compatible with health and may not 
require further intervention. This research aimed to develop a Deterioration 
Risk Score (DRS) to differentiate lesions requiring further intervention from 
lesions likely to be compatible with health. In this cross-sectional study, 
patient records (2003-2008) were screened for root-filled teeth with periapical 
radiolucency visible on periapical radiographs taken at treatment and at 
recruitment at least 4 years later.  The final sample consisted of 228 lesions in 
182 patients. Potential demographic and treatment risk factors were screened 
against 3 categorical outcomes (Improved/ Unchanged/ Deteriorated) and a 
multivariate independent multinomial probit regression model was built. A 5-
level Deterioration Risk Score (DRS) was constructed by summing values of 
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adjusted regression coefficients in the model, based on predicted probabilities 
of deterioration. Most lesions (127, 55.7%) had improved over time (I), while 
32 (14.0%) remained unchanged (U) and 69 (30.3%) had deteriorated (D). 
Significant predictors of D were time since treatment (RR 1.11, 95% CI: 1.01-
1.22, p=0.030, rounded beta value=1, for every year increase after 4 years), 
current pain (RR 3.79, 95% CI: 1.48-9.70, p=0.005, rounded beta value=13), 
sinus tract present (RR 4.13, 95% CI: 1.11-15.29, p=0.034, rounded beta 
value=14) and lesion size (RR 7.20, 95% CI: 3.70-14.02, p<0.001, rounded 
beta value 20). Persistent AP with 4DRS <15 represented very low risk; 15-20 
low risk; 21-30 moderate risk; 31-40 high risk; and >40 very high risk. DRS 
could help the clinician identify persistent AP at low risk for deterioration and 
would not require intervention. When validated, this tool could reduce the risk 
of overtreatment and contribute towards targeted care and better efficiency in 
the timely management of disease. 
6.2 Introduction 
Persistent apical periodontitis (AP) is defined as an apical lesion related to a 
non-vital tooth that does not resolve following root canal treatment, most 
commonly due to persistence of virulent pathogens that survive 
biomechanical debridement (Byström and Sundqvist, 1981; Sjögren and 
Sundqvist, 1987; Nair, 2006; Siqueira and Rôças, 2009).  It can remain 
asymptomatic or progress to symptomatic AP, which impacts on daily living 
                                                        
4 In this sample, the distribution n(%) of I, U and D in the risk categories are: 
Very low risk: I=83(65.4); U=15(46.9); D=7(10.1) 
Low risk: I=18(14.2); U=8(25.0); D=12(17.4) 
Moderate risk: I=24(18.9); U=6(18.8); D=31(44.9) 
High risk: I=2(1.5); U=3(9.3); D=16(23.3) 
Very high risk: I=0(0); U=0(0); D=3(4.3) 
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and prompts patients to seek treatment (Iqbal et al., 2009; Yu et al., 2012a; 
Grönholm et al., 2013). Although accepted quality guidelines (European 
Society of Endodontology, 2006) recommend intervention (retreatment or 
apical surgery) for AP persisting for 4 years or more, asymptomatic persistent 
AP may be compatible with health if the tooth remains functional (Friedman 
and Mor, 2004), and may even be capable of further healing over prolonged 
periods beyond 4 years (Molven et al., 2002; Fristad et al., 2004; Yu et al., 
2012b).  
When asymptomatic AP is associated with a technically inadequate root-
filling, dentists are more inclined towards further intervention (Morgental et al., 
2012); otherwise many dentists question the benefit of intervention (Kvist and 
Reit, 2002), and disagree on the need for, as well as the mode of, further 
treatment (Reit and Gröndahl, 1984; Rawski et al., 2003). Although a number 
of tooth-level clinical parameters, such as periodontal status and quality of 
root-fillings, are commonly considered in decision-making (von Arx et al., 
2013), the decision whether or not to intervene is largely subjective.  
Integration of clinical findings and the assessment of prognosis are strongly 
influenced by personal observation and experience (Reit and Kvist, 1998; 
Azarpazhooh et al., 2013). 
In view of the challenges involved, a risk score based on routine clinical and 
radiographic information to predict progression of persistent lesions will aid 
objective decision-making regarding further intervention.  Various scoring 
systems have been developed to identify individuals at risk for a range of 
diseases. Examples include the Laboratory Risk Indicator for Necrotizing 
Fasciitis (LRINEC) score to differentiate necrotizing fasciitis from other severe 
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soft tissue infections for timely and predictable treatment in the emergency 
room (Wong et al., 2004); and risk scores to identify women at risk for 
adverse pregnancy outcome (Burstyn, 2010), men and women at risk for 
advanced periodontitis (Gursoy et al., 2011) and children at risk for childhood 
caries (Gao et al., 2010) for targeted allocation of resources.  However, none 
has been developed to guide clinicians in the decision to intervene or not to 
intervene for asymptomatic persistent AP. 
Comprehensive predictive studies investigating factors associated with 
healing/non-healing after root canal treatment have been previously published 
(de Chevigny et al., 2008; Farzaneh et al., 2004; Friedman et al., 2003; 
Marquis et al., 2006; Ng et al., 2011a, b; Ørstavik et al., 2004) and are not 
addressed in this paper. The aim of this study was to identify potential 
predictors for persistent lesions to improve (I), remain unchanged (U) or to 
deteriorate (D), in a cohort of patients with AP that had persisted at least 4 
years; and to develop a risk score to differentiate lesions requiring further 
intervention from lesions likely to be compatible with health, for cost-effective 
and evidence-based treatment planning. 
6.3 Materials and Methods 
Selection of cases 
This study conformed to STROBE guidelines for cross-sectional human 
observational study. Ethical approval was obtained from the Institutional 
Review Board (NUS-IRB 10-171) and written informed consent was obtained 
from all patients taking part in the study. The selection of cases, data 
collection and scoring of lesion progression included in the final cohort has 
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been described in detail previously (Yu et al., 2012a, b).  In brief, patients who 
received root canal treatment for AP from general dentists, endodontic 
specialists, undergraduate dental students and endodontic residents, at a 
university-based dental centre from 2003-2008, whose AP had not resolved at 
short-term recall, were screened for AP at least 4 years later.  At the time of 
screening, treatments performed before 2003 in the same dental centre were 
also included if inclusion and exclusion criteria were fulfilled. Inclusion criteria 
included primary or secondary (nonsurgical) root canal treatment, with 
radiographs clearly showing the entire lesion before treatment, and presenting 
with a widened periodontal ligament space with discontinuity of the lamina 
dura or a larger radiolucency associated with any root of a root-filled tooth at 
least 4 years after treatment. Cases without good-quality treatment 
radiographs and teeth with periodontal bone loss, vertical root fracture, or a 
history of traumatic luxation injuries or surgical endodontic procedures were 
excluded. The patients recruited were at least 21 years old, and were healthy 
or had controlled medical conditions. 
For recruitment, 2 calibrated endodontists independently evaluated treatment 
and review radiographs using 2x magnification against a fluorescent x-ray 
viewing box in a darkened room. Radiographs were taken with the long-cone 
technique using the long-cone positioning device (Dentsply Rinn XCP, Elgin, 
IL). Disagreements were resolved by discussion and consensus. The final 
sample of 228 lesions in 182 patients included 151 persistent lesions in 114 
patients previously studied for risk of painful exacerbation and characteristics 




An interviewer-administered structured questionnaire collected patient 
information on post-treatment experience of pain and flare-up, as well as the 
self-reported experience of a swelling or sinus tract. Dental records 
corroborated patient recollections of flare-ups and provided historical and 
demographic data. Clinical and periapical radiographic examination provided 
details of clinical signs and symptoms; periapical lesion characteristics 
including size, border and location; and type and quality of endodontic 
treatment and post-endodontic restoration. 
Scoring of lesion progression 
By reading past treatment and current review periapical radiographs (all taken 
using a long-cone positioning device) under similar conditions of a 2x 
magnification against a fluorescent x-ray viewing box in a darkened room, two 
calibrated endodontists independently scored initial and persistent lesion 
sizes based on the categories - (1) <2mm, (2) 2-4.9mm, (3) 5-9.9mm, and (4) 
≥10mm - in the largest dimension, and scored lesion progression as 3 
categorical outcomes: I, lesion improved (decreased in size); U, lesion 
remained unchanged (no change in size); and D, lesion deteriorated 
(increased in size; Yu et al., 2012b). The calibration process was previously 
reported; weighted Cohen kappa score for inter-examiner reliability was 0.716 
and weighted Cohen kappa scores for intra-examiner reliability were 0.638 
and 0.821 (Yu et al., 2012a).  Any disagreements were resolved by discussion 
and consensus before reporting the final score. 
Model-building and risk score algorithm 
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The independent multinomial probit stepwise regression procedure (Stata 
12.1, StataCorp LP, USA) was selected since outcome categories were 
discrete variables with more than two outcome categories that did not have a 
natural ordering, and outcome categories were identified based on 
radiographic evaluation of lesion progression. Potential demographic and 
treatment risk factors were screened against the 3 categorical outcomes (I, U, 
D) using univariate independent multinomial probit regression. Regression 
coefficients with standard errors adjusted for clustering were estimated for 
both D and U, with I as base outcome. The final fitted model was constructed 
using multivariate independent multinomial probit regression with backward 
procedures where variables with p ≤ .1 in the univariate analysis and variables 
with clinical importance were considered for inclusion so as not to miss any 
potentially important predictors. To choose among competing models, the 
preferred final fitted model was selected based on the log likelihood chi 
square value.  The effect size on clinical endpoints was quantified using the 
Relative Risk (RR) estimate and its associated 95% confidence interval (CI). 
To assess risk of deterioration for treatment prescription, a risk score 
algorithm was constructed by rounding up values of regression coefficients in 
the final fitted model, based on predicted probabilities which were calculated 
using a post-estimation command. A 5-level Deterioration Risk Score (DRS) 
was constructed - very low risk, ≤20% predicted probability; low risk, 21-40%; 
moderate risk, 41-60%; high risk, 61-80%; very high risk, >80% - and a 
decision-tree described. 
Model and risk score performance was evaluated per receiver operating 
characteristic analysis. Sensitivity, specificity, positive and negative predictive 
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values were calculated according to DRS with corresponding probability cutoff 
points.  Internal validation of the final fitted model was performed by drawing a 
bootstrap random sample of 90% of this developmental cohort, running the 
same multivariate independent multinomial regression model on this bootstrap 
sample and comparing it against the original sample; as well as performing 
500 replications of the final fitted model. 
6.4 Results 
Characteristics of persistent endodontic lesions and potential risk 
factors  
Of 331 patients screened, 182 consecutive patients with 228 lesions fulfilled 
the inclusion criteria and were recruited (Table 1). Three patients contributed 
4 teeth each, 5 patients contributed 3 each, 27 patients contributed 2 each 
and the remaining 147 contributed 1 tooth each.  Median time since treatment 
was 5 years (minimum 4, maximum 21 years).  Patients received treatment 
for molar teeth (51.8%) and non-molar teeth (48.2%). Most teeth were 
restored with crowns (77.6%) with adequate margins (74.6%), and most root-
fillings had ideal length (79.8%) and density (69.3%). 
Just over half the lesions (n= 127, 55.7%) had improved over time, 32 
(14.0%) remained unchanged and 69 (30.3%) had deteriorated. Almost half 
the lesions (n= 108, 47.4%) were small but demonstrated a distinct loss of 
radiographic bony architecture and lamina dura. The remaining 120 lesions 
ranged from 2mm to > 10mm, and none of the largest lesions were 
associated with improved lesions. Sex and race distributions among the 3 
outcomes were similar, with almost equal numbers of male and female 
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patients and >85% being of Chinese descent in each outcome. Patients who 
were 41 to 65 yr old made up the majority (67.5%). Age, race and sex did not 
appear to be associated with lesion progression (p>0.05). 
Patient-reported post-treatment pain (65 cases), sinus tracts (21 cases), and 
flare-up after treatment (13 cases) were infrequent, but were significantly 
more common among lesions that had deteriorated (p=0.034, p=0.002 and 
p=0.007 respectively). Lesions were mostly asymptomatic at recall (92.1%) 
but a complaint of pain at review appeared to be significantly associated with 
lesion remaining unchanged (p=0.036) and lesion deterioration (p=0.005). A 
sinus tract was present at recall in only 16 cases (7.0%), 12 of which were 
found in lesions that had deteriorated (p<0.001). Lesions larger than 2mm in 
diameter and lesions that persisted for longer periods were associated with 
lesion deterioration (p<0.001 and p=0.007 respectively). 
Potential risk factors that were clinically and statistically important (p≤ .1) for 
both lesion deterioration and lesion remaining unchanged were selected for 
multivariate analysis and model-building (Table 2). 
The final fitted model 
Significant predictors of D were time since treatment (RR 1.11, 95% CI: 1.01-
1.22, p=0.030, for every year increase after 4 yr), “tooth is painful now” (RR 
3.79, 95% CI: 1.48-9.70, p=0.005), sinus tract present (RR 4.13, 95% CI: 
1.11-15.29, p=0.034) and lesion size (RR 7.20, 95% CI: 3.70-14.02, p<0.001). 
The only significant predictor of U was “tooth is painful now” (RR 3.15, 95% 
CI: 1.05-9.46, p=0.040). As U was not a clinically important outcome in 
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decision-making and the number with outcome U was small, no further 
analysis was performed. 
Deterioration Risk Score  
Estimated risk scores based on rounded up beta values of significant 
predictors for D as identified in Table 2, were as follows: time since treatment 
(every year of persistence beyond 4 yr), 1; a positive pain complaint at recall, 
13;  presence of a sinus tract, 14; radiographic lesion 2mm and larger, 20. A 
decision-tree constructed based on DRS (summation of significant predictors 
of deterioration) and the corresponding predicted probabilities of deterioration 
(Figures 1 and 2) proposed that a persistent AP presenting with very low risk 
would not require further endodontic intervention and could receive a 
definitive coronal restoration at any time; those with moderate risk might 
benefit from further intervention while those with high and very high risk of 
deterioration should receive further intervention. 
6.5 Discussion 
Endodontic treatment provides predictable healing in a large majority of cases 
(Friedman, 2008).  AP associated with symptoms after treatment or a root-
filling of poor technical quality generally results in prompt intervention.  Also, 
long-term recall of patients with endodontically-treated teeth tends to be low 
(Friedman, 2008).  Identifying a large cohort of suitable patients with 
persistent AP following root canal treatment (and for which a complete 
treatment record was available) was a challenge.  As a result, a relatively 
small sample of 228 cases of persistent AP was identified in 182 patients at 
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the end of a 33-month recruitment period involving the scrutiny of over 2500 
patient records. 
In order to minimize confounding by factors influencing treatment outcome, 
this cohort included only AP that was persistent, by conventional definition, for 
at least 4 years after treatment (European Society of Endodontology, 2006). 
Results of the multivariate analysis showed that every year of persistence 
beyond 4 years increased the risk of lesion deterioration by 11% (95% CI: 1-
22%, Table 2), whereas time since treatment did not affect the risk of a lesion 
remaining unchanged. A trend was observed where smaller lesions at the 
final examination were associated with outcomes “improved’ and “remained 
unchanged” while larger lesions were associated with the outcome “lesion 
deteriorated”, consistent with the natural progression of disease following 
intervention. No lesion larger than 10mm was found in the “improved” 
outcome and only 1 such lesion was found in the “remained unchanged” 
outcome. Due to the low cell numbers in 2 of the 3 outcomes, it was 
necessary to group lesion sizes 2mm and larger together for a clinically and 
statistically meaningful analysis of its effect on lesion progression. 
Collectively, lesions ≥2mm in size were strongly associated with a 
deteriorating lesion. 
Our final fitted model using independent multinomial probit regression was 
appropriate for handling 3 discrete outcomes without a natural order and 
described the data well. Internal validation of the model by 500 bootstrap 
resampling5 of the original cohort and by comparing model performance of a 
                                                        
5 While the other predictors had reasonable bootstrap standard errors (SE), the 
bootstrap SE for predictor sinus tract was very large. This is likely due to the very low 
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90% bootstrap sample against the original sample demonstrated that model 
and risk score performance was satisfactory, suggesting that the DRS could 
have potential applications in: (1) minimizing risk of overtreatment among 
teeth compatible with health; (2) identifying high risk AP for timely 
intervention; (3) providing an evidence-based estimate of the risks and 
benefits of intervention versus further monitoring for shared decision-making 
and personalized medicine; and (4) contribute towards clinical practice 
guidelines. However, external validation of this model would have to be 
carried out in a separate clinical cohort. 
It would be necessary to bear in mind some potential limitations of the DRS in 
clinical practice. A majority of the persistent AP in our cohort was associated 
with dense root-filling of adequate extensions so that the DRS cannot be 
injudiciously applied to AP with poor technical quality. Pain is a predictor in 
the DRS but it is a subjective experience and may be moderated by social 
and cultural norms and expectations (Yu et al., 2012a). Clinical judgment is 
needed to determine the dimensions of a radiographic lesion and this may 
influence the performance of the DRS model. In comparison to the model built 
on the final score agreed by both evaluators after discussion (mentioned in 
the Materials and methods), our preliminary analyses suggested that AUC for 
models built on independent evaluation of outcome D was much lower 
(0.6882 and 0.6297). In optimal patient care, the needs for dental 
rehabilitation are varied and treatment objectives have to serve the needs of 
each patient. The DRS could be used as an adjunct in decision-making but it 
                                                                                                                                                              
incidence of persistent AP presenting with a sinus tract in this sample.  This finding 
has implications on the internal validity of the model.  
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should not replace clinical acumen. If clinical suspicion of deterioration is high, 
intervention should be recommended regardless of the risk score. 
In conclusion, this model and its decision-tree could help the clinician identify 
persistent AP at low risk for deterioration that will not require intervention. 
When validated, this tool could reduce the risk of overtreatment and contribute 




6.6 Tables and Figures 
Table 1: Screening model of patient demographics and potential clinical and 
radiographic risk factors for lesion remaining unchanged and deterioratinga 
Category Variables for 
Risk Assessment 










Male 62 (48.8) 16 (50.0)  38 (55.1)   116 
(50.9) 




Chinese 110 (86.6) 28 (87.5)  61 (88.4)  199 
(87.3) 






72 (56.7) 14 (43.8)  24 (34.8)  110 
(48.2) 




Crown 93 (73.2) 25 (78.1)  59 (85.5)  177 
(77.6) 





no 106 (83.5) 27 (84.4)  55 (79.7)  188 
(82.5) 





Ideal 107 (84.3) 19 (59.4)  56 (81.2)  182 
(79.8) 





Dense & tapered 94 (74.0) 21 (65.6)  43 (62.3)  158 
(69.3) 
Voids present or 
poorly condensed 




No 112 (88.2) 27 (84.4)  55 (79.7)  194 
(85.1) 







No  85 (66.9) 20 (62.5)  38 (55.1)   143 
(62.7) 





No 92 (74.8) 26 (81.3)  38 (57.6)  156 
(70.6) 





No 123 (96.9) 29 (90.6)  55 (79.7)  207 
(90.8) 





No 124 (97.6) 31 (96.9)  60 (87.0)  215 
(94.3) 
Yes 3 (2.4) 1 (3.1) 0.654 9 (13.0) 0.007 13 (5.7) 
Care provider 
  
Endodontist 87 (68.5) 26 (81.3)  49 (71.0)  162 
(71.1) 
Others 40 (31.5) 6 (18.7) 0.168 20 (29.0) 0.701 66 
(28.9) 
Current findings Age 
  
20-40 years 26 (20.5) 5 (15.6)  12 (17.4)  43 
(18.9) 
41-65 years  80 (63.0) 23 (71.9) 0.434 51 (73.9) 0.416 154 
(67.5) 
Greater than 65 
years 





Adequate 94 (74.0) 27 (84.4)  49 (71.0)  170 
(74.6) 
Deficient margins 33 (26.0) 5 (15.6) 0.244 20 (29.0) 0.675 58 
(25.4) 
Tooth is painful 
now 
  
No 123 (96.9) 28 (87.5)  59 (85.5)  210 
(92.1) 
Yes 4 (3.1) 4 (12.5) 0.036 10 (14.5) 0.005 18 (7.9) 
Percussion pain 
  








No 117 (92.1) 26 (81.3)  59 (85.5)  202 
(88.6) 




No 110 (88.0) 26 (83.9)  51 (75.0)  187 
(83.5) 





No 125 (98.4) 30 (93.8)  57 (82.6)  212 
(93.0) 
Yes 2 (1.6) 2 (6.2) 0.102 12 (17.4) <0.001 16 (7.0) 
Lesion size 
  
1-1.9 mm 84 (66.1) 16 (50.0)  8 (11.6)  108 
(47.4) 




Apical or Lateral 
only 
118 (92.9) 28 (87.5)  45 (65.2)  191 
(83.8) 
Lesion involving 
2 or more 
locations 
9 (7.1) 4 (12.5) 0.187 24 (34.8) <0.001 37 
(16.2) 
Time since 
treatment,  yrd 
  
Mean (SD) 5.62 
(2.66) 
6.06 (3.35) 0.349 6.87 (3.71) 0.007  
Median (min-
max) 
5 (4-18) 5 (4-19)   5 (4-21)     
aValues in n (%) unless noted otherwise. 
bStandard error adjusted for 182 clusters in patients. 
cSome large lesions extended beyond its primary region to involve 





Table 2. Full and Final Model of Potential Risk Factors using Independent 
Multinomial Probit Regression: Lesion Remained Unchanged (U) and 
Deteriorated (D)a 
 Full model 

























Tooth type Molars 0.169 0.644 0.283 0.389 
Restoration 
type 
Not crowns -0.268 0.474 -0.398 0.263 
Root-filling 
length 
















0.039 0.504 0.104 0.019 
Tooth is 
painful now Yes
c 1.495 0.025 0.489 0.406 
Percussion 
pain 
Yes -0.059 0.87 0.564 0.062 
Palpation 
pain 
Yes 0.443 0.426 -0.312 0.478 
Biting pain Yes 0.355 0.467 0.4 0.29 
Sinus tract 
present Yes
d 0.759 0.322 1.273 0.118 
 
Lesion size 
2 mm & 
largere 







-0.141 0.794 0.681 0.088 
aBase outcome = lesion improved. For all p values, standard error adjusted for 
182 clusters in patients. CI, confidence interval; RR, relative risk. 
bFinal fitted model for lesion deteriorated (D): adjusted RR (95% CI): 1.11 
(1.01-1.22); adjusted coefficient: 0.103; p = .031; risk score: 1. 
cFinal fitted model for lesion deteriorated (D): adjusted RR (95% CI): 3.79 
(1.48-9.70); adjusted coefficient: 1.332; p = .005; risk score: 13. 
dFinal fitted model for lesion deteriorated (D): adjusted RR (95% CI): 4.13 
(1.11-15.29); adjusted coefficient: 1.418; p = .034; risk score: 14. 
eFinal fitted model for lesion deteriorated (D): adjusted RR (95% CI): 7.20 





Model and Deterioration Risk Score (DRS) performance. ROC curve of the 
bootstrap sample compared favourably with the ROC curve of the original full 
sample. Sensitivity and specificity, positive (PPV) and negative predictive 
values (NPV) of the predicted probabilities; and distribution of AP with 




Decision-tree for intervention of persistent AP. DRS for each persistent AP is 
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CHAPTER 7 DISCUSSION 
Current guidelines consider asymptomatic AP persisting beyond 4 years to 
represent persistent disease that should receive further intervention 
(Strindberg, 1956; Ørstavik 1996; European Society of Endodontology 2006). 
However, the definitions of asymptomatic persistent AP lesions do not take 
into account biological variations in healing (Molven et al., 2002; Fristad et al., 
2004). In addition, the risk of pain and flare-up due to persistent AP and any 
impact of pain on patients’ quality of life; the proportion of non-healing lesions 
in asymptomatic persistent AP; and, any clinical risk factors for lesion 
deterioration were all unknown. Clinicians subjectively assess risks 
associated with persistent lesions, because evidence that might provide 
guidance for further management was unavailable (Reit and Gröndahl, 1984; 
Reit et al., 1985; Reit and Gröndahl, 1987, 1988; Kvist et al., 1994; Kvist and 
Reit, 2002; Rawski et al., 2003; Peikoff, 2005). 
7.1 On recruitment and data collection 
This thesis has set out to address these issues; the perspective and 
methodology are completely different from currently available treatment 
outcome studies. An estimated 74-85% of pre-treatment AP heals after 
treatment, especially when the technical standard is high (Friedman et al., 
2003; Farzaneh et al., 2004; Ng et al., 2011a and 2011b), so that substantial 
effort was expended to identify the cohort of 228 lesions still present at least 4 
years after treatment.  The limitation of including only cases with treatment 
radiographs and complete clinical records, combined with the necessity of 
hand-searching records to identify potential cases, severely restricted the 
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number of cases available for the study. While a majority of the population is 
indigenous to Singapore, many work regionally and may not always be 
available for follow-up examinations especially if there are no symptoms. The 
population also includes migrant workers from the region who may return to 
their home countries after a few years (Chapter 4; Yu et al., 2012a). As 
described in Chapter 3 (Figures 1 and 2), those who attended the screening 
exercise to identify persistent AP were contactable and interested in 
participating in the research project. It was not possible to ascertain the status 
of root-filled teeth among those who were not contactable. Among those who 
were not interested to attend the screening clinic, the most common reasons 
cited were too busy at work to attend and unwillingness to pay for the 
examination because the tooth was not causing discomfort. This could 
contribute towards a biased selection of symptomatic teeth in the final sample. 
The methodology of this research project required identifying radiographic 
lesions associated with root-filled teeth present at the time of treatment and 
still present at recruitment at least 4 years after treatment, subject to patients’ 
informed consent for dental radiography and clinical examination. Identifying 
the presence of AP at the time of treatment provided the basis for charting 
lesion progression following treatment. To minimize the risk of measurement 
bias, only information that could be collected by investigators of this project, 
following specified criteria and verified as far as possible from the patient’s 
dental record, was used. 
At the hospital dental clinic where this study was conducted, dental 
radiography was performed using the long-cone technique with the aid of a 
paralleling device so that angulations were controlled to a certain extent. Two 
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trained and calibrated endodontists with more than 10 years of clinical 
experience evaluated lesion size and progression independently, following a 
set of written criteria and studying radiographic lesions using all available 
radiographs. This has the added advantage of minimizing disparity in 
radiographic evaluations, even among expert users (Zakariasen et al., 1984). 
Intra- and inter-rater agreement was good and any disagreement was 
resolved by discussion and consensus, otherwise the case was excluded. 
In clinical practice, patients are often required to provide dental history, 
especially pain history. Clinicians quickly develop skills to identify reliable 
“historians”. It is reasonable to expect that many in this cohort of patients, who 
are not chronic orofacial pain sufferers, would recall the events surrounding 
significant pain events related to dental treatment, and this was certainly the 
experience of the investigators to observe that many patients remembered 
events remarkably well and those who were uncertain would readily admit so. 
In the subsequent statistical analysis and model building, patients’ recall of a 
less severe pain experience was accorded a lower level of reliability 
compared with flare-up corroborated by treatment records and clinical 
examination at review.   
Lesion size was measured across the longest diameter instead of using the 
Periapical Index, PAI (Ørstavik et al., 1986). The PAI was primarily designed 
to categorize severity of inflammation on a 5-point scale. Even though a 
recent paper suggests that this 5-point scale was sensitive as a prognostic 
tool (Kirkevang et al., 2014), there are two main concerns with using the PAI 
in this research project: (1) a categorical ordinal scale such as the PAI that 
relies on specific characteristics of the bony radiolucency, continuity of 
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borders and relative changes in the surrounding bone will not facilitate 
answers to the research question in this project, which is, does every 
persistent AP require further treatment? To impose preconceived definitions 
of severity on the data contradicts the intention of the study; and (2) a 5-point 
categorical scale may not detect minor changes in the lesion. Because the 
creators of the PAI acknowledged that the PAI score for root filled teeth 
congregated strongly around 3 (Ørstavik et al., 1986), such a scale would 
pose severe limitations to a study on lesion progression among root-filled 
teeth more than 4 years after treatment. Therefore, in this methodology, 
change in lesion size was measured in millimetres based on clear criteria of 
what constitutes a lesion, and statistically analyzed as a categorical variable 
to minimize the effect of any inaccuracy in radiographic angulations made 
over various time points by different operators.  In addition, clinicians almost 
never use the PAI in relation to individual patients and lesions. 
The effect of clustering was inadvertently not considered in Chapters 4 and 5. 
Although it did not substantially change the findings on lesion progression, the 
methodology was improved by managing the effect of clustering statistically in 
Chapter 6. Due to the large number of well-treated root canals healing 
completely during the 4-year time period, it was not feasible to recruit only one 
persistent AP per participant. Every identified persistent AP was recruited 
from every consenting participant and the breakdown of contribution was: 3 
patients contributed 4 teeth each; 5 patients, 3 teeth each; 27 patients, 2 
each; and the majority (147 patients) contributed 1 tooth each (Yu et al., 
2014). This final sample of 182 patients with 228 persistent lesions was 
analyzed and a risk score algorithm built. 
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7.2 On statistical models 
Available clinical studies examining potential predictors of endodontic 
treatment outcome have commonly used multiple logistic regression to model 
predictors against a binary outcome of “healed” vs. “not healed” (Sjögren et 
al., 1990; Chugal et al., 2001, 2003 and 2007; Ørstavik et al., 2004; and Ng et 
al., 2011). The main reasons for using a binary outcome include: (1) Research 
has tended to focus on evaluating factors associated with healing or “success” 
vs non-healing or “failure”; (2) Pooling of outcome variables into 2 groups 
improves statistical power; (3) It allows the straightforward interpretation of 
estimated beta coefficients of potential predictors; and (4) Commonly used 
statistical software packages provide estimated odds ratios without requiring 
additional steps and minimizing errors (Statistical Package for Social Studies, 
IBM SPSS Statistics, NY; Stata, StataCorp LP, USA). 
Multiple linear regression may sometimes be inappropriately used when the 
outcome variable was not measured on an interval-ratio scale. A recent 
example of an inappropriate application of multiple linear regression can be 
found in Tsesis et al. (2013): the outcome variable, the 5-category Periapical 
Index (PAI: a ranked description of inflammatory severity as evaluated on 
radiographs, Ørstavik et al., 1986), was treated as an interval-ratio variable. 
More recently and more appropriately, ordinal logistic regression has been 
used to estimate the effect of pre-treatment PAI on final PAI over a 5-year 
period (Kirkevang et al., 2014). A further example of an inappropriately 
assigned measurement scale is found in Chapter 4 of this thesis where a 5-
point pain impact score of “1=very mild; 2=mild; 3=moderate; 4=severe; 
5=very severe” was subsequently described by mean values (page 44, 
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“Impact of Pain on Daily Life”, Yu et al., 2012a). A more appropriate 
description would have been the median, as intervals between points are not 
equal and a value between 2 points is meaningless. In general, it is crucial 
that correct measurement scales are selected and the correct statistical tool is 
used so as to minimize sampling bias (Tai and Machin, 2014). 
In this thesis, the outcome of interest comprises persistent AP that improved, 
deteriorated and remained unchanged over time. The 3 outcomes are discrete 
entities without a natural order. Each lesion has only one of the 3 outcomes. 
Modelling was performed using multinomial probit regression (Stata, 
StataCorp LP, USA), with outcome “Improved” as reference. Multinomial 
probit regression demonstrated an acceptable likelihood ratio, the standard 
error of estimation was reasonable and area under the curve was large. As 
part of fact-finding in this thesis, multiple logistic regression (outcome was 
dichotomized into “improved” vs. combined outcome “deteriorated” and 
“unchanged”) and ordinal logistic regression (this was performed using 
outcome “improved” as reference and ranking “unchanged” between 
“improved” and “deteriorated”) were explored. It was ultimately decided that 
the dichotomized outcome was inadequate for consideration of the risk of 
deterioration and ordinal ranking did not satisfy biological understanding and 
available evidence for healing.  
Due to the relatively small number of very large lesions in this cohort of 
persistent lesions (consistent with the findings of Brynolf, 1967 and Ørstavik et 
al., 1986 with regards to root-filled teeth with and without pre-treatment AP), 
lesion sizes (<2mm, 2-4.9mm, 5-9.9mm and ≥10mm) were dichotomized 
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between the smallest lesion (<2mm) and the remainder (≥2mm), based on 
clinical importance and relevance.  
7.3 Model performance and further analysis 
Area under curve for outcomes “deteriorated” and “unchanged” in the final 
fitted model were 0.844 and 0.627 respectively, showing model performance 
to be good for outcome “deteriorated” but less so for outcome “unchanged”. 
After controlling for quality of root filling, the predictors for outcomes 
“deteriorated” included “time since treatment”, “tooth is painful now”, “sinus 
tract present” and “lesion size ≥2mm”, while the only predictor for outcome 
“unchanged” was “tooth is painful now”. In addition, it was noted that the risk 
of remaining unchanged has less clinical impact than the risk of deterioration, 
so that while further analysis and model building were performed with the full 
sample, reporting of data was restricted to the outcome “deteriorated”. 
Relative risks for each of the predictors of outcomes “deteriorated” were 
estimated using a Stata command for linear combinations of estimators. A 
bootstrap sample of 215 lesions was analyzed using multinomial probit 
regression and 500 replications of the model were performed to provide 
internal validation.  
The final fitted model was built using consensus data independently collected 
by 2 endodontists. To explore the upper and lower limits of the model, the 
independent data of each endodontist were used to run the same model. Area 
under curve for the 2 endodontists was compared with each other and also 
with the final fitted model. The final fitted model maintained the upper limit of 
0.844 for area under curve for “deteriorated” and the lower limit was 0.817, 
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which was considered to be within acceptable range6. The results of these 
further statistical analyses were not reported in the published manuscripts but 
are included in the Appendix of this thesis.  
7.4 On the main findings 
Risk of pain and flare-up in persistent AP 
Pain is an unpleasant sensory and emotional experience associated with 
actual or potential tissue damage, or described in terms of such damage 
(International Association for the Study of Pain, 2012). The experience and 
interpretation of degree of unpleasantness is subjective and varies between 
individuals.  Unless an injury is clearly a deviation from observable normal 
structures, such as dental caries, inflamed gingivae or a fractured tooth, 
illness and injury are also less easily defined. What is clear is that pain is a 
mental distress whether the sensation or the injury is universally accepted as 
unpleasant (Okeson, 1981; Dao, 2012). 
Risk of pain is low with minimal impact on quality of life 
In most circumstances, controlling endodontic pain and saving functional teeth 
contribute towards minimizing the risk of chronic orofacial pain (Law et al., 
2014b; Durham et al., 2015) and even though some degree of pain and 
discomfort is common in association with root-filled teeth in the early stages of 
healing, the pain is self-limiting and has no impact on overall healing (Ng et 
                                                        
6 Please note a typographical error in the published manuscript on page 1082, line 15 
(Yu et al, 2014), “…our preliminary analyses suggested that AUC for models built on 
independent evaluation of outcome D was much lower (0.6882 and 0.6297)” should 
read, “…our preliminary analyses suggested that AUC for models built on 
independent evaluation of outcome D was lower (0.8233 and 0.8174).”  
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al., 2004; Pak and White, 2011, Law et al., 2014b). This thesis has shown that 
pain associated with persistent AP is rare, though well defined, and the 
distress caused is mostly minimal (Yu et al., 2012a). Only 10 cases of flare-up 
pain requiring emergency intervention were reported among 185 persistent 
lesions in 127 patients. Some discomfort associated with eating and tooth 
brushing was more commonly reported (38 teeth in 33 patients, representing 
20.5% of the sample) but did not have a huge impact on patient’s health and 
sense of well-being, a finding supported by a more recent work exploring 
quality of life issues associated with endodontic pain (Law et al., 2014b).  This 
thesis also provides much more precise figures for the risk of flare-up 
(0.29%/year) than the earlier estimates of van Nieuwenhuysen (1994) (0.3-
2.3%/year) and Eriksen (2008) (<5%/year).  Patients can potentially use the 
information in decision-making regarding further intervention.  
Predictors of pain in persistent AP 
This thesis reports that pre-treatment pain (OR=2.9, 95%CI: 1.3-6.7, p<0.05), 
patient’s sex (female OR=2.6, 95%CI: 1.2-6.0, p<0.05) and type of tooth 
(molar or premolar OR=3.7, 95%CI: 1.6-8.6, p<0.05) receiving treatment are 
potential risk factors for pain in persistent AP (Yu et al., 2012a). Current pain 
experienced by patients could be expected to influence the recollection of pre-
treatment pain especially among chronic pain sufferers (Linton and Melin, 
1982; Linton and Götestam, 1983; Eich et al., 1985; Roche and Gijsbers, 
1986; Smith and Safer, 1993; Feine et al., 1998; Haas et al., 2002). A recent 
prospective observational cohort study involving dentists and their patients 
from 5 geographical regions in the United States (Law et al., 2014a) studied 
patients’ age, sex, pre-operative pain, dentists’ speciality training and tooth-
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specific variables and concluded that pre-treatment pain was predictive of 
severe immediate post-treatment pain (Law et al., 2014a). The cohort 
reported in this thesis did not suffer from chronic pain, even though the 
reported pain occurred sometime after endodontic treatment was performed; 
the nature of pain and its intensity and impact are also very different from that 
observed in sufferers of chronic orofacial pain (Okeson, 1981; de Leeuw et 
al., 2005; Al-Sabbagh et al., 2015). Further research is needed to provide 
information on pre-treatment pain experience and future pain in persistent AP. 
According to this thesis (chapter 4), females have an increased risk for pain in 
persistent AP (OR= 2.6, 95% CI: 1.2-5.9, p= 0.021, Yu et al., 2012a). 
Experimental pain studies suggest that “gender role expectations” encourage 
women to tolerate less pain and be more willing to report pain than men (Wise 
et al., 2002). Chronic orofacial pain studies suggest that hormones such as 
oestrogen could be responsible for the more frequent pain experienced by the 
female sex, in addition to social conditioning and cultural norms (Fillingim et 
al., 1995; LeResche et al., 1997; Sherman et al., 2005; Aloisi et al., 2007; 
Dao, 2012). Pain associated with childbirth and menstruation is an example of 
socially accepted female experiences for which pain control is available by 
choice (Berkley, 1997). Recently, neuroimaging studies suggest that men and 
women process similar pain stimuli differently in the brain (Girard-Tremblay et 
al., 2014).  With such low risk of exacerbation and the low impact on quality of 
life of less severe pain, it is uncertain to what extent these explanations may 
be applicable to sex and persistent AP.  
It is still unclear how tooth type affects risk of pain in persistent AP. Besides 
being the most common tooth types represented in this cohort of 185 teeth 
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(the mandibular molar at 29.7% and the maxillary premolar at 21.1%), it is 
possible that the more complicated anatomy of these 2 tooth types could pose 
restorative challenges in the long-term. However, there is no evidence that the 
anatomy of these 2 tooth types are more complex than their counterparts in 
the opposing arches. Clinical studies on immediate post-treatment pain 
reported multi-rooted molar teeth as a potential risk factor (Ng et al., 2004; 
Arias et al., 2013). Reasons speculated for increased pain include the more 
complex anatomy of molar teeth; increased number of root canals that 
increased the total volume of inflammatory reaction and portals of root canal 
exit; and the thickness of the cortical plate in the mandible could result in 
increased pain intensity (Ng et al., 2004; Arias et al., 2013). However, pain is 
multi-faceted (Okeson, 1981; Dao et al., 2012) and post-treatment pain 
experience is confounded by patient’s perception and expectations, as well as 
treatment factors, such as occlusal adjustments and technical quality (Arias et 
al., 2013; Koh et al., 2015). Moreover, it is unknown to what extent evidence 
from immediate post-treatment pain may be applicable to pain experience in 
persistent AP so that future longitudinal prospective studies based on a larger 
sample size are needed. 
In summary, the risk of pain in persistent AP is low, with minimal impact on 
quality of life, and further work is needed to elucidate the effect of patient and 
treatment factors on pain and exacerbations.  
On lesion progression in persistent AP  
There was inadequate evidence on the progression of healing in AP 
associated with mostly good quality root fillings and coronal restorations that 
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was allowed to persist beyond the currently accepted period for healing (4 
years). This thesis (Chapter 6) has drawn information from 228 persistent 
lesions in 182 patients with pre-treatment AP, and reports that a majority 
continued to heal (55.7%) up to 10 years and more, while a smaller proportion 
deteriorated (30.3%) and the remaining lesions remained unchanged (14.0%) 
(Yu et al., 2014). The earlier report of this work in 151 lesions identified in 114 
patients showed that pre-treatment lesions measuring at least 2 mm in the 
longest diameter had mostly reduced in size (77/104 lesions, 74.0%) while 
small pre-treatment lesions measuring less than 2 mm tended to remain 
unchanged (12/47 lesions, 25.5%) or deteriorate (26/47 lesions, 55.3%) (Yu et 
al., 2012b). 
The finding that small pre-treatment lesions tend not to improve over time in 
this report on persistent AP should not cause any misunderstanding. A recent 
paper designed to analyze pre-treatment lesion size and time taken for 
complete healing (Huumonen and Ørstavik, 2013) showed that small lesions 
took less time to heal completely than did larger lesions. This recent finding by 
Huumonen and Ørstavik supports the findings from this thesis because most 
small initial lesions would have healed before the 4-year post-treatment mark 
and would have been excluded from this study. Therefore, lesion progression 
in persistent AP reported in this thesis corroborates and strengthens evidence 
from earlier reports that were limited by small sample size and low recall rate 
(Molven et al., 2002; Fristad et al., 2004; Halse and Molven, 2004); 
asymptomatic lesions associated with adequate root fillings and coronal 
restorations are capable of continuing to heal over extended periods and 
should not immediately be considered “persistent disease”. 
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Considerations for radiographic persistence 
The risk factors for lesion deterioration that are identified in this thesis include 
a current pain complaint, presence of a sinus tract, a persisting large lesion 
and time since treatment (Yu et al., 2014). Findings from well-controlled 
environments with high quality treatment suggest that an estimated 15-25% of 
asymptomatic lesions persist radiographically when evaluated 4-6 years post-
treatment (Friedman et al., 2003; Farzaneh et al., 2004; Ng et al., 2011a). In 
addition to a genetic cause that has recently been proposed to explain why 
AP should persist (Morsani et al., 2011; Menezes-Silva, 2012; Dill et al., 
2014), other factors related to the healing process and the interpretation of 
healing may also be considered: 
(1) Current understanding of the pathology associated with persistent 
radiographic lesions is limited, especially lesions that have reduced in size 
since treatment.   
Radiographic lesions associated with root-filled teeth are widely considered to 
demonstrate persistent disease that requires further intervention, particularly 
before expensive restorative prostheses such as crowns and partial dentures 
are prescribed (Rawski et al., 2003; Peikoff, 2005). The basis for this concept 
of persistent disease includes: (1) Strindberg’s work (1956) describing healing 
of radiographic lesions among his patients who received endodontic treatment 
and others that did not heal, and suggested treatment predictors that could 
contribute to healing. However, his observation that many lesions could take 
up to 10 years for complete “radiographic” healing was largely overlooked; (2) 
Brynolf’s work (1967) on anterior (single-rooted) teeth and their surrounding 
bone from cadavers, with largely unknown dental history. The teeth were 
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exposed to dental radiography and then dissected for histological study of the 
periapex at 1-3 days after death. The author reported that radiographic 
characteristics of the cadaveric periapical areas of filled and unfilled roots 
corresponded well with histological characteristics of inflammation. The 
author’s observation that AP was found more frequently in association with 
filled roots was often interpreted to mean “disease” by future researchers 
without taking the uncertain dental history into consideration. The author’s 
further observation that AP associated with filled roots was predominantly of 
mild to moderate intensity and was seldom associated with the most severe 
chronic inflammation (this observation was reiterated by Ørstavik et al., 1986) 
was also often overlooked. The subsequent extrapolation of Brynolf’s findings 
to multi-rooted teeth poses further challenges of radiographic interpretation; 
while this limitation is widely acknowledged, it is usually accepted for lack of 
alternative evidence (Ørstavik et al., 1986). (3) Clinical studies using data 
available through convenience sampling of clinical cases and cross-sectional 
surveys to correlate clinical features, radiographic appearance and 
histological observations (Seltzer et al., 1967a and 1967b; Simon, 1980; Nair 
et al., 1999; Ricucci et al., 2006 and 2009, Love and Firth, 2009) are also 
interpreted to demonstrate persistent disease requiring intervention, despite 
the lack of any evidence regarding changes in lesion size since initial root 
canal treatment.   
However, evidence on the nature of radiographic lesions associated with 
asymptomatic root-filled teeth that are treated to an adequate standard is still 
lacking. This thesis shows that some persistent lesions most likely represent 
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lesions that are undergoing healing and do not require further intervention, 
which has important clinical implications for overall restorative treatment. 
(2) Wound healing by fibrosis and scar 
As previously described in Chapter 2 of this thesis, an inflammatory reaction 
mounted by the host in an effort to isolate antigens or to effect healing always 
leads to some degree of scarring (Regan and Barbul, 1991; Chang et al., 
2000; Zhang and Fu, 2008; Mercola et al., 2011). In early-gestational fetal 
models, healing is observed to take place without inflammation and this 
seems to be one of the main reasons for scarless healing (Whitby and 
Ferguson, 1991; Bullard et al., 2003; Colwell et al., 2003). Healing by scarring 
has been reported in the endodontic literature (Byström et al., 1987; Nair et 
al., 1999; Halse and Molven, 2004; Love and Firth, 2009), and could account 
for incomplete resolution of some radiolucent lesions. Recent work in 
“regenerative endodontic procedures” (Hargreaves et al., 2008) might provide 
insight into scarring as part of the repair process.  
Regenerative endodontics aims to restore an injured pulpo-dentinal complex 
for continued growth and function of the immature tooth in order for it to fulfil 
its role in the primary mucoepithelial barrier, and to assist functions of speech, 
nutrition and aesthetics. While regenerative protocols have largely succeeded 
in controlling infection and initiating repair of injured apical tissues, it has yet 
to achieve unequivocal regeneration (Hargreaves et al., 2008). Clinical and 
radiographic evidence (and histological evidence based on animal studies) of 
normal root, radicular pulp and periapex is still lacking so that the current 
primary and secondary goals of regenerative endodontics include: (1) 
Elimination of symptoms and evidence of bony healing; (2) Increased root wall 
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thickness and/or increased root length are desirable but not essential; and (3) 
A positive response to pulp sensibility testing may be possible but is 
unpredictable (AAE Clinical Considerations for a Regenerative Procedure, 
2014). The primary goal of regenerative protocols thus appears to echo the 
limited goal of asymptomatic function for root filled teeth (Friedman and Mor, 
2004, AAE Communiqué, 2005). It is still mandatory to uphold a high technical 
standard in treatment so that microbial causes for persistent disease are 
eradicated; nevertheless, a holistic approach to evaluating healing and 
treatment goals will definitely contribute favorably towards shared decision-
making and work towards greater benefit for the patient (Sandman and 
Munthe, 2010).  
While on-going effort is invested in improving the quality of post-natal wound 
healing (Bullard et al., 2003), until then, this thesis echoes the observation by 
Lin and Rosenberg (2011), which states, “periapical wound healing will never 
achieve complete regeneration because it is a post-natal wound” and further 
speculates that some persistent AP may represent wound healing by fibrosis 
and scar tissue formation. Whether these persistent lesions are at greater risk 
than normal apical tissues, and whether their deterioration poses greater 
health risks than normal apical tissues, are questions for future research.   
(3) A new equilibrium established between reduced microbial load and 
reduced host inflammatory response. 
It is now generally accepted that current treatment protocols do not reliably 
eliminate bacteria from root canals (Byström and Sundqvist, 1981, 1983, and 
1987; Byström et al., 1985; Siqueira and Rôças, 2008). Among filled roots, 
Brynolf (1967) observed that inflammatory changes tended to congregate 
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around the mild and moderate categories, with periods of “rest” and 
“quiescence”  (Ørstavik et al., 1986, Nair, 1997) predominated by chronic 
inflammatory cells, fibrosis and corresponding low activities in the surrounding 
bone. It was surmised that those “rest” periods could potentially extend for a 
long time depending on individual variations in response to microbial flora and 
load (Ørstavik et al., 1986; Nair, 1997; Siqueira and Rôças, 2008). The host 
inflammatory response could therefore be described on a “biological 
continuum”, potentially fluctuating between healing and breakdown (Ørstavik 
et al., 1986).  
In summary, a persistent lesion may not always indicate persistent disease. It 
may represent wound healing by scar or a new equilibrium between a 
reduced microbial load and its correspondingly reduced host response. In 
either case, further intervention may not be necessary.  
7.5 Clinical Application: The risk score algorithm 
A Deterioration Risk Score (DRS) has been built based on estimated 
coefficients of 4 predictors of deterioration among persistent lesions. The 4 
predictors are, “time since treatment”; “tooth is painful now”; “sinus tract 
present”; and “lesion size ≥2mm”. These predictors are readily available to 
clinicians confronted with a persistent lesion but without access to treatment 
records or previous radiographs. The 4 predictors had corresponding 
weighted risk scores of 1 for every year of persistence beyond 4 years; 13 for 
being painful; 14 for having an associated sinus tract; and 20 if the 
radiographic lesion is larger than 2mm in diameter (Yu et al., 2014). The 
cumulative risk exhibited by each lesion in the sample corresponded to the 
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predicted probability of deterioration, with high positive and negative 
predictive values especially for the high and very high risk groups (Figure 1, 
Yu et al., 2014). The low sensitivity of this model limits its application as a 
screening tool so that in clinical practice, obvious signs and symptoms like 
pain, swelling, defective restoration and recurrent caries would drive the need 
for further intervention. The high specificity across the same groups suggests 
that this tool may be useful as confirmation of disease especially when the 
above mentioned signs and symptoms are absent, which would aid clinical 
decision for further intervention. However, this tool has yet to be validated in 
an external cohort of persistent lesions. A further consideration is the quality 
of treatment in the root-filled teeth presenting with persistent lesions. If 
obvious microbial causes and defects in treatment were present, the clinician 
should exercise judgement regarding further intervention, regardless of the 
predicted risk by the DRS.   
7.6 Looking ahead 
With knowledge of the low risk of pain among persistent lesions and low 
impact of pain on daily living, and knowledge that a majority of persistent 
lesions associated with technically acceptable treatment represent healing, 
more effort and resources may be invested in long-term prospective 
observational cohort studies (Bergenholtz and Kvist, 2013).  Such studies 
could investigate the consequences of monitoring asymptomatic lesions 
without active intervention. With increasing evidence for functional retention of 
teeth with persistent AP, it may be timely to consider a revision of clinical 
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practice guidelines away from a definite “cut-off” time to pronounce a 
treatment as “success” or “failure”. 
In conclusion, it would benefit future research and patient management if 
healthcare providers and researchers make a conscious effort to consider 
healing and intervention on a “biological continuum” (Ørstavik et al., 1986) 
and risks and benefits of interventions on a “health continuum” ranging from a 
“high degree of poor health” to “perfect health” (Kvist and Reit, 2002). Instead 
of blindly relying on the presence or absence of persistent radiographic 
lesions, clinicians could consider making use of the current proposal of risk 
estimation and available evidence on treatment expectations and functionality, 
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INFORMATION SHEET FOR PARTICIPANTS 
Project Title: 
Identifying risk of exacerbation of asymptomatic persistent endodontic lesions and building a 
risk assessment model for evidence-based management of asymptomatic persistent endodontic 
lesions. 
(To find out the chance of root canal treated teeth giving problems of pain or infection.) 
Principal Investigator and Organization 
Dr Victoria S H Yu 
Assistant Professor 
National University of Singapore 
Telephone number: (65) 6772 4954  
Co- Investigators and Organization 
Dr Robert Yee 
Associate Professor 
National University of Singapore 
Telephone number: (65) 772 4943  
 
Dr Stephen C Y Hsu 
Associate Professor 
National University of Singapore 
Telephone number: (65) 6772 4943  
 
What is the purpose of this research? 
A root canal treated tooth can be associated with an x-ray shadow at its root tip even when 
there is no discomfort to the patient. This shadow may or may not cause problems of pain and 
infection in the future. Our research aims to find out the chance of this shadow giving problems 
and how we can predict the likelihood of this happening. 
You are invited to participate in this research. This information sheet provides you with 
information about the research. The Principal Investigator (the research doctor or person in 
charge of this research) or her representative will also describe this research to you and answer 
all of your questions. Read the information below and ask questions about anything you don’t 
understand before deciding whether or not to take part. 
Who can participate in the research? What is the expected duration of my participation? 
What is the duration of this research? 
Men and women 21 years and older who had root canal treatment or are going to receive root 
canal treatment can participate in the research. Your participation is approximately one hour. 
The duration of this research is 3 years. 
What is the approximate number of participants involved? 
This is approximately 300. 
What will be done if I take part in this research? 
You will be interviewed on your experience with your previous root canal treatment or your 
reason for coming to receive root canal treatment. The principal investigator will also examine 
Version 2 dated 28/04/2010 
your tooth and ask for a small x-ray to be taken. Your medical records held at the dental centre 
will also be retrieved for data collection about the root canal treatment of the tooth we examined. 
To protect your confidentiality, your data will be coded. All identifiable information (e.g. names, 
IC nos.) will be kept separate from the data. The link between your identifiable information and 
the code number will be kept confidential by the principal investigator. 
How will my privacy and the confidentiality of my research records be protected? 
Only the principal investigator has your identifiable information (e.g. names, IC nos.) and this 
will not be released to any other person, including members of the research team. Identifiable 
information will never be used in a publication or presentation. All your identifiable health 
information and research data will be coded (i.e. only identified with a code number) at the 
earliest possible stage of the research. 
At the end of the research, all data collected from you for this research will be discarded. 
What are the possible discomforts and risks for participants? 
You may experience some pain and discomfort when your tooth is being examined but the risks 
are negligible. 
What is the compensation for any injury? 
No injury and/or compensation are expected. 
Will there be reimbursement for participation? 
At the end of the study, you will be given $30 to compensate for your transport cost and time 
spent in participating in the research. 
What are the possible benefits to me and to others? 
There is no direct benefit to you by participating in this research. The knowledge gained will 
benefit the public in the future when we can predict the chance of failure in a root canal treated 
tooth. 
Can I refuse to participate in this research? 
Yes, you can. Your decision to participate in this research is voluntary and completely up to you. 
You can also withdraw from the research at any time without giving any reasons, by informing 
the principal investigator and all your data collected will be discarded. 
Refusal to participate or withdrawal from participation will not affect your medical management 
or cause loss of benefits to which you are otherwise entitled. 
Whom should I call if I have any questions or problems? 
Please contact the Principal Investigator, Dr Victoria Yu at telephone (65) 6772 4954 or email 
rsdyshv@nus.edu.sg) for all research-related matters. 
For an independent opinion regarding the research and the rights of research participants, you 
may contact a staff member of the National University of Singapore Institutional Review Board 
(Attn: Mr Chan Tuck Wai, at telephone 6516 1234 or email at irb@nus.edu.sg). 
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CONSENT FORM 
Project Title: 
Identifying risk of exacerbation of asymptomatic persistent endodontic lesions (APEL) and 
building a risk assessment model for evidence-based management  
Principal Investigator: 




You are invited to participate in a project that aims to find out about the chance of an APEL 
becoming problematic. The findings from this project will provide useful information on 
developing a mathematical model to calculate the likelihood of APEL giving problems. 
Your participation in this project will require you to take part in an interview conducted in a 
language you are comfortable with. After the interview, Dr Yu will perform a dental check-up and 
ask for an x-ray to be done for you.    
Please be assured that the questionnaire and x-ray will not have your name or other 
personal identifiers on it. The data collected will be used for research purposes only.  
 
Your participation in this project is purely voluntary.   
______________________________________________________________________ 
I have read and understood the information on this project and I have had the chance to ask 
questions. I will not have any financial benefits that result from any commercial development of 
this research. I voluntarily wish to participate in it and agree to the use of my dental records for 
this research. I also understand I am free to withdraw my participation at any time by informing 
Dr Yu, and all my data will be discarded.  
 
_______________________________ ___________ 
Name of Participant / Date                               Signature of Participant 
 
_______________________________ ___________ 
Name and Signature (Consent Taker/PI) Date 
 
___________________________ ___________ 
Name and Signature of Translator                                                             Date 
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Date of Examination: _____________________ (dd/mm/yyyy) 
Patient Research No: _____________________ (XXXX) 
Tooth No: _______________ (e.g. #21) 
Why is this tooth selected for the Research? (Please tick one): 
 This tooth is referred for Retreatment 
 This tooth is an incidental finding on X-Ray 
 This tooth is recalled from Treatment Notes 
Who referred this patient to NUHS? (Please tick one): 
 Family dentist 
 Specialist please specify: 
 Others please specify: 
 Self-referred 
 
Date of Birth: ___________ 









 Others please specify: 
 
Medical history: 
Any known allergy?  No 
 Yes please specify allergy: 
Any long-time illness?  No 
 Yes please specify: 
Are you using any medicine now?  No 
 Yes please specify: 
How often do you visit a dentist? (Please tick one): 
 Once every 6 months or less 
 Once every year or less 
 Once every 2 years 
 Only when necessary 
Coming back to the tooth for this Research, 
How long has it been since root canal treatment was completed in this tooth? (Please fill in 
exact number if patient is sure of it, if not, please ask patient to mark an “” on the line scale for the most likely time): 
 
 
 Years  OR about 1 2 5 10 15 20 >20 years 
Patient HRN is for the information of the Principal Investigator only. It is de-linked from clinical and research data once data 
have been obtained. This will happen at the earliest possible stage of the research. 
 
Patient HRN: ___________________________ (e.g. S XXXXXXX B) 
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Why did you need a root canal treatment for this tooth? 
(Please tick all reasons that apply): 
 Tooth decay 
 Broken or dropped filling 
 Accident; I hit my tooth  
 Dentist told me I needed root canal treatment 
 I cannot remember 
 Other reasons (please specify): 
 
 
Who was the dentist who performed the root canal treatment for you? 
(Please tick one): 
 Root canal specialist 
 Family dentist 
 Dental student 
 I am not sure 
 
Where did you receive this root canal treatment? 
(Please tick one): 
 Singapore 
 Asia-Pacific specify country: 
 Europe specify country:  
 UK  
 North America 
 South America 
 I cannot remember 
Now I would like to ask you to think back to the time when the root canal treatment 
was completely finished. Did you have any pain immediately after? 
 I cannot remember 
 No 
 Yes (please ask the following questions): 
I am going to ask you more about this pain. On a scale of 1 o 5, 1 being very mild pain, 
5 being very severe pain and 3 being the middle, how would you rate the severity of 
this pain? (please tick one): 
 1, very mild 
 2, mild 
 3, moderate 
 4, severe 
 5, very severe 
How long did the pain last? (please tick one): 
 1-2 days 
 Up to a week 
 It kept coming on and off for a long time 
What did you do to stop the pain? (please tick all that apply): 
 I did not do anything 
 I managed the pain using home remedy, e.g. gargling with salt water, applying ointment 
 I had an emergency appointment with a doctor or dentist 
 I waited for an appointment to see a dentist 
 I used a painkiller 
 I used an antibiotic 
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Now I am going to ask you about the whole time since the root canal treatment was 
done, until now. Have you ever had pain that made you see a dentist? 
 No 
 Yes (please ask the following questions): 
How many times did this happen? (please tick one): 
 Once 
 2-3 times 
 Many times 
When did the pain first begin? (please tick one): 
 1 month after treatment 
 within 1 year after treatment 
 1-3 years after treatment 
 5 years after treatment 
 10 years after treatment 
 20 or more years after treatment 
Have you ever had a gum swelling or pimple or sinus tract that is related to this tooth? 
 No 
 Yes (please ask the following questions): 
How many times did this happen? (please tick one): 
 Once 
 2-3 times 
 Many times 
When did the swelling first begin? (please tick one): 
 1 month after treatment 
 within 1 year after treatment 
 1-3 years after treatment 
 5 years after treatment 
 10 years after treatment 
 20 or more years after treatment 
 
Please let me bring you back to the present time. In the past one month, did you 
experience pain from this tooth? 
 No 
 Yes (please ask the following questions): 
Using a scale from 0 to 5, where 0 is no effect, 5 a very severe effect and 3 being the 
middle, how would you rate the effect that this pain has had on: 
Eating food? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Speaking clearly? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Cleaning your teeth? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
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Doing light activities, e.g. housework or working in an office? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Going out, e.g. shopping or visiting someone? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Sleeping? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Relaxing? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Smiling and laughing? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Your emotional state, e. g. becoming more easily upset than usual? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
The pleasure of contact with family and friends? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
If you had pain in this past month, is it the most severe episode of pain 
experience since root canal treatment? 
 Yes 
 No (please ask the following questions): 
When did the most severe episode of pain occur? (Please fill in exact number of years since treatment 
if patient is sure of it, if not, please ask patient to mark an “” on the line scale for the most likely time): 
 
                                                                                      
                                                            
              Years  OR   about 1 2 5 10 15 20 >20 years 
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Using a scale from 0 to 5, where 0 is no effect, 5 a very severe effect and 3 being the 
middle, how would you rate the effect that this pain has had on: 
Eating food? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Speaking clearly? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Cleaning your teeth? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Doing light activities, e.g. housework or working in an office? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Going out, e.g. shopping or visiting someone? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Sleeping? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Relaxing? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Smiling and laughing? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Your emotional state, e. g. becoming more easily upset than usual? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
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The pleasure of contact with family and friends? 0, no effect 
1, a very minor effect 
2, a fairly minor effect 
3, a moderate effect 
4, a fairly severe effect 
5, a very severe effect 
Examination by Principal Investigator 
What is the current clinical condition?  
Is the tooth causing pain now? (If yes, indicate severity) 
 No 
 Yes   
 
 1, very mild  
 2, mild  
 3, moderate 
 4, severe 
 5, very severe 
Is the tooth tender to palpation? (If yes, indicate severity) 
 No 
 Yes   
 
 1, very mild  
 2, mild  
 3, moderate 
 4, severe 
 5, very severe 
Is the tooth tender to percussion? (If yes, indicate severity) 
 No 
 Yes   
 
 1, very mild  
 2, mild  
 3, moderate 
 4, severe 
 5, very severe 
Is there pain on biting? (If yes, indicate severity) 
 No 
 Yes   
 
 1, very mild  
 2, mild  
 3, moderate 
 4, severe 
 5, very severe 
Is swelling present? (If yes, indicate severity)  
 No 
 Yes   Localized   Spreading 
Is sinus tract present? (If yes, indicate severity) 
 No 
 Yes   Discharging   Non-discharging 
Are there other patient signs / symptoms? 
 No 
 Yes, specify: 
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 Post & core            Prefabricated            Customised  Remaining GP____mm 
 Occlusal coverage 
 Abutment 
 Temporary dressing/ Provisional crown 
Quality: 
 Adequate 
 Marginal deficiency 
 Cannot determine 
Description of radiographic features based on:  Periapical  OPG  
Obturation: 
 Gutta percha 
 Silver point 
 Paste 
 Uncertain 
Length to apex: 
 0-2mm (ideal) 
 >2mm short 
 Beyond apex 
 Extensive overfill 
Density: 
 Dense, tapered 
 Voids present 
 Poorly condensed 
Iatrogenic error: 
 None 
 Separated instrument 
 Gap between post and GP  Length of gap____mm  
 Root perforation (specify location) 










Shape of the largest lesion: 
 Widened PDL 
 Round or oval 
 Irregular 
Border of the largest lesion: 
 Well defined 
 Diffuse 
Changes in radiographic periapical lesion based on:       Periapical        OPG 
 No change 
 Increased in size 








Table 1: Patient (n=127) and treatment (n=185) characteristics studied for Pain and Flare-up 
 
Factor 
  n % Mean (SD) 
Median (min-
max) 
Gender      
 Male 66 52.0   
 Female 61 48.0   
Age at treatment   46.3 (13.0) 47 (10-78) 
Age at recruitment   54.3 (12.0) 56 (21-82) 
Time since treatment   8.0 (6.5) 5 (4-38) 
Pre-operative pain     
 Present 51 27.6   
 Absent 134 72.4   
Dentist type      
 Endodontist 103 56.9   
 Family dentist 60 33.2   
 Dental student 18 9.9   
Tooth type      
 Maxillary anterior 32 17.3   
Mandibular anterior 14 7.6   
Maxillary premolar 39 21.1   
Mandibular premolar 15 8.1   
 Maxillary molar 30 16.2   
 Mandibular molar 55 29.7   
Root-filling  material     
 Gutta percha 180 97.8   
 Silver point 3 1.6   
 Paste 1 0.6   
Length of root-fill     
Adequate (0-2mm) 120 64.9   
 Short (>2mm) 46 24.9   
 Beyond apex 15 8.1   
 Extensive overfill 4 2.1   
Density of root-fill     
Dense and tapered 107 57.8   
 Voids present 34 18.4   
 Poorly condensed 44 23.8   
Quality of coronal restoration     
 Adequate 129 69.7   
Marginal deficiency present 56 30.3   
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1   ///Final Fitted Model///
2   mprobit lesion_change_ordered lesionsize_2 painful_now_yn time_since_tx4
sinus_tract_now_yn, baseoutcome(0) vce(cluster id)
3   predict mprobit0, outcome(Improved) p
4   predict mprobit1, outcome(No_change) p
5   predict mprobit2, outcome(Deteriorated) p
6   roctab lesion_change_ordered mprobit0 if lesion_change_ordered <2
7   roctab lesion_change_ordered mprobit1 if lesion_change_ordered <2
8   roctab lesion_change_ordered_021 mprobit2 if lesion_change_ordered !=1
9   lincom _b[No_change:lesionsize_2], rrr
10   lincom _b[No_change:painful_now_yn], rrr
11   lincom _b[No_change:time_since_tx4], rrr
12   lincom _b[No_change:sinus_tract_now_yn], rrr
13   lincom _b[Deteriorated:lesionsize_2], rrr
14   lincom _b[Deteriorated:painful_now_yn], rrr
15   lincom _b[Deteriorated:time_since_tx4], rrr
16   lincom _b[Deteriorated:sinus_tract_now_yn], rrr
17   
18   Iteration 0: log pseudolikelihood = -180.35314
19   Iteration 1: log pseudolikelihood = -180.22918
20   Iteration 2: log pseudolikelihood = -180.22916
21   Iteration 3: log pseudolikelihood = -180.22916
22   
23   Multinomial probit regression Number of obs = 228
24   Wald chi2(8) = 56.00
25   Log pseudolikelihood = -180.22916 Prob > chi2 = 0.0000
26   
27   (Std. Err. adjusted for 182 clusters in id)
28   ------------------------------------------------------------------------------------
29   | Robust
30   lesion_change_or~d | Coef. Std. Err. z P>|z| [95% Conf. Interval]
31   -------------------+----------------------------------------------------------------
32   Improved | (base outcome)
33   -------------------+----------------------------------------------------------------
34   No_change |
35   lesionsize_2 | .5781965 .3168467 1.82 0.068 -.0428117 1.199205
36   painful_now_yn | 1.148907 .5604706 2.05 0.040 .0504052 2.247409
37   time_since_tx4 | .0393486 .0519395 0.76 0.449 -.062451 .1411482
38   sinus_tract_now_yn | .8322417 .7231387 1.15 0.250 -.5850841 2.249567
39   _cons | -1.679648 .3872873 -4.34 0.000 -2.438717 -.9205791
40   -------------------+----------------------------------------------------------------
41   Deteriorated |
42   lesionsize_2 | 1.973675 .3400399 5.80 0.000 1.307209 2.640141
43   painful_now_yn | 1.332743 .4792548 2.78 0.005 .3934209 2.272065
44   time_since_tx4 | .1034766 .0475831 2.17 0.030 .0102153 .1967378
45   sinus_tract_now_yn | 1.41802 .6680447 2.12 0.034 .1086765 2.727364
46   _cons | -2.572951 .3940707 -6.53 0.000 -3.345316 -1.800587
47   ------------------------------------------------------------------------------------
48   
49   /// Bootstrap Replications///
50   bootstrap, reps(500) seed(151) : mprobit lesion_change_ordered lesionsize_2 painful_now_yn
time_since_tx4 sinus_tract_now_yn , baseoutcome(0)
51   > vce(cluster id)
52   (running mprobit on estimation sample)
53   
54   Bootstrap replications (500)
55   ----+--- 1 ---+--- 2 ---+--- 3 ---+--- 4 ---+--- 5
56   ...x.............x............x......x....x....x.. 50
57   ..x...x......x...x..x....x..x.......x.x......x.... 100
58   .....x....x.....xx...x........................x... 150
59   ...x...x...........x.......x.x.....x...........x.. 200
60   .....x.........xx..........x........xx.......x.... 250
61   ........x.....x..x......x.x..................x...x 300
62   .x..x.......................x........x...x.xx..x.. 350
63   ..x...............x..x...x.x.......xx.x.xx........ 400
64   ...x........x.x.x..x..x.....x....x.x.x.x.x.x...... 450
65   .x.x..........x.xxx..x.....x.x.xxx..........x..x.. 500
66   
67   Multinomial probit regression Number of obs = 228
68   Replications = 412
69   Wald chi2(8) = 31.03
70   Log pseudolikelihood = -180.22916 Prob > chi2 = 0.0001
71   
72   (Replications based on 182 clusters in id)
Stata Output in Thesis 230215.do - Printed on 27/2/2015 9:23:56 AM
Page 2
73   ------------------------------------------------------------------------------------
74   | Observed Bootstrap Normal-based
75   lesion_change_or~d | Coef. Std. Err. z P>|z| [95% Conf. Interval]
76   -------------------+----------------------------------------------------------------
77   Improved | (base outcome)
78   -------------------+----------------------------------------------------------------
79   No_change |
80   lesionsize_2 | .5781965 .3423403 1.69 0.091 -.0927782 1.249171
81   painful_now_yn | 1.148907 5.397021 0.21 0.831 -9.429059 11.72687
82   time_since_tx4 | .0393486 .0614998 0.64 0.522 -.0811887 .1598859
83   sinus_tract_now_yn | .8322417 29443.15 0.00 1.000 -57706.68 57708.34
84   _cons | -1.679648 .4391615 -3.82 0.000 -2.540389 -.8189075
85   -------------------+----------------------------------------------------------------
86   Deteriorated |
87   lesionsize_2 | 1.973675 .3847715 5.13 0.000 1.219537 2.727813
88   painful_now_yn | 1.332743 .7430213 1.79 0.073 -.123552 2.789038
89   time_since_tx4 | .1034766 .0527089 1.96 0.050 .000169 .2067841
90   sinus_tract_now_yn | 1.41802 140.427 0.01 0.992 -273.8138 276.6498
91   _cons | -2.572951 .4604796 -5.59 0.000 -3.475475 -1.670428
92   ------------------------------------------------------------------------------------
93   Note: one or more parameters could not be estimated in 88 bootstrap replicates;
94   standard-error estimates include only complete replications.
95   
96   ///Bootstrap Sample (90%; 242)///
97   roctab lesion_change_ordered_021 mprobitBS2 if lesion_change_ordered !=1, graph summary
98   
99   ROC -Asymptotic Normal--
100   Obs Area Std. Err. [95% Conf. Interval]
101   --------------------------------------------------------
102   176 0.8582 0.0289 0.80147 0.91485
103   
104   roccomp lesion_change_ordered_021 mprobit2 mprobitBS2 if lesion_change_ordered !=1, graph
summary
105   
106   ROC -Asymptotic Normal--
107   Obs Area Std. Err. [95% Conf. Interval]
108   -------------------------------------------------------------------------
109   mprobit2 176 0.8401 0.0304 0.78049 0.89963
110   mprobitBS2 176 0.8582 0.0289 0.80147 0.91485
111   -------------------------------------------------------------------------
112   Ho: area(mprobit2) = area(mprobitBS2)
113   chi2(1) = 3.08 Prob>chi2 = 0.0794
114   
115   
116   //Independent VY Test//
117   //Original final fitted model//
118   mprobit VY time_since_tx4 painful_now_yn RF_length sinus_tract_now_yn lesionsize_2,
baseoutcome(0) vce(cluster id)
119   
120   Iteration 0: log pseudolikelihood = -226.94854
121   Iteration 1: log pseudolikelihood = -226.83179
122   Iteration 2: log pseudolikelihood = -226.83177
123   
124   Multinomial probit regression Number of obs = 239
125   Wald chi2(10) = 26.10
126   Log pseudolikelihood = -226.83177 Prob > chi2 = 0.0036
127   
128   (Std. Err. adjusted for 187 clusters in id)
129   ------------------------------------------------------------------------------------
130   | Robust
131   VY | Coef. Std. Err. z P>|z| [95% Conf. Interval]
132   -------------------+----------------------------------------------------------------
133   0 | (base outcome)
134   -------------------+----------------------------------------------------------------
135   1 |
136   time_since_tx4 | .0462356 .0265103 1.74 0.081 -.0057237 .098195
137   painful_now_yn | .7683124 .5543329 1.39 0.166 -.3181601 1.854785
138   RF_length | .6553996 .3147854 2.08 0.037 .0384315 1.272368
139   sinus_tract_now_yn | .3254797 .5817072 0.56 0.576 -.8146455 1.465605
140   lesionsize_2 | -.0439825 .2896466 -0.15 0.879 -.6116795 .5237145
141   _cons | -1.39187 .2729861 -5.10 0.000 -1.926913 -.8568274
142   -------------------+----------------------------------------------------------------
143   2 |
144   time_since_tx4 | .0261083 .0250832 1.04 0.298 -.0230539 .0752706
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145   painful_now_yn | 1.296536 .4767016 2.72 0.007 .3622177 2.230854
146   RF_length | -.0271024 .3142727 -0.09 0.931 -.6430657 .5888609
147   sinus_tract_now_yn | .159688 .4656895 0.34 0.732 -.7530467 1.072423
148   lesionsize_2 | .7646569 .2646307 2.89 0.004 .2459901 1.283324
149   _cons | -1.11667 .2574225 -4.34 0.000 -1.621209 -.6121313
150   ------------------------------------------------------------------------------------
151   //Independent HM Test//
152   //Original final fitted model//
153   mprobit HM time_since_tx4 painful_now_yn RF_length sinus_tract_now_yn lesionsize_2,
baseoutcome(0) vce(cluster id)
154   
155   Iteration 0: log pseudolikelihood = -197.83134
156   Iteration 1: log pseudolikelihood = -197.74154
157   Iteration 2: log pseudolikelihood = -197.74153
158   
159   Multinomial probit regression Number of obs = 229
160   Wald chi2(10) = 27.87
161   Log pseudolikelihood = -197.74153 Prob > chi2 = 0.0019
162   
163   (Std. Err. adjusted for 180 clusters in id)
164   ------------------------------------------------------------------------------------
165   | Robust
166   HM | Coef. Std. Err. z P>|z| [95% Conf. Interval]
167   -------------------+----------------------------------------------------------------
168   0 | (base outcome)
169   -------------------+----------------------------------------------------------------
170   1 |
171   time_since_tx4 | .0307575 .0249333 1.23 0.217 -.018111 .0796259
172   painful_now_yn | .8938184 .5381912 1.66 0.097 -.161017 1.948654
173   RF_length | .6964713 .3659464 1.90 0.057 -.0207705 1.413713
174   sinus_tract_now_yn | -.6219465 .6934255 -0.90 0.370 -1.981035 .7371425
175   lesionsize_2 | .6020681 .3105805 1.94 0.053 -.0066586 1.210795
176   _cons | -1.915679 .3066584 -6.25 0.000 -2.516718 -1.314639
177   -------------------+----------------------------------------------------------------
178   2 |
179   time_since_tx4 | .0399451 .0243969 1.64 0.102 -.0078719 .0877622
180   painful_now_yn | 1.363005 .4773632 2.86 0.004 .4273901 2.29862
181   RF_length | .3207611 .3267228 0.98 0.326 -.3196038 .9611261
182   sinus_tract_now_yn | .2416552 .5202696 0.46 0.642 -.7780545 1.261365
183   lesionsize_2 | .7327937 .2917825 2.51 0.012 .1609105 1.304677
184   _cons | -1.598809 .2634996 -6.07 0.000 -2.115258 -1.082359
185   ------------------------------------------------------------------------------------
186   ///Comparisions///
187   . roccomp lesion_change_ordered_021 VYmprobit2 HMmprobit2 if lesion_change_ordered !=1,
graph summary
188   
189   ROC -Asymptotic Normal--
190   Obs Area Std. Err. [95% Conf. Interval]
191   -------------------------------------------------------------------------
192   VYmprobit2 196 0.8174 0.0297 0.75906 0.87566
193   HMmprobit2 196 0.8233 0.0301 0.76434 0.88224
194   -------------------------------------------------------------------------
195   Ho: area(VYmprobit2) = area(HMmprobit2)
196   chi2(1) = 0.12 Prob>chi2 = 0.7239
197   
198   . roccomp lesion_change_ordered_021 mprobit2 HMmprobit2 if lesion_change_ordered !=1,
graph summary
199   
200   ROC -Asymptotic Normal--
201   Obs Area Std. Err. [95% Conf. Interval]
202   -------------------------------------------------------------------------
203   mprobit2 196 0.8438 0.0280 0.78901 0.89865
204   HMmprobit2 196 0.8233 0.0301 0.76434 0.88224
205   -------------------------------------------------------------------------
206   Ho: area(mprobit2) = area(HMmprobit2)
207   chi2(1) = 1.54 Prob>chi2 = 0.2153
208   
209   . roccomp lesion_change_ordered_021 mprobit2 VYmprobit2 if lesion_change_ordered !=1,
graph summary
210   
211   ROC -Asymptotic Normal--
212   Obs Area Std. Err. [95% Conf. Interval]
213   -------------------------------------------------------------------------
214   mprobit2 196 0.8438 0.0280 0.78901 0.89865
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215   VYmprobit2 196 0.8174 0.0297 0.75906 0.87566
216   -------------------------------------------------------------------------
217   Ho: area(mprobit2) = area(VYmprobit2)
218   chi2(1) = 3.97 Prob>chi2 = 0.0463





The selected Model that best described the data was the multinomial probit regression 
model. A brief formulation of the regression model is described here; just using the 4 
input variables of the final model as an example. The probability of outcome being 
Unchanged U or Deteriorated D is the probability of input variable time, or pain or sinus 
tract or lesion size being present or absent when Improved is the Reference group. The 
Error term (epsilon, ε) is a multivariate matrix. 
 
Formulation: 
Pr(yik)= Pr(vi1, alt k≤0, vi2, alt k≤0, vi3, alt k≤0, vi4, alt k≤0,…) + ε 
where k may be U or D and alt k≤0 is I 
and  vi1= time since treatment 
 vi2= current pain 
 vi3= sinus tract 
 vi4= lesion size ≥2mm … 
 
 
